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Global glacier changes: facts and figures

Excerpt from the introductory discourse of
“Les Variations périodiques des Glaciers” by Forel (1895).

L’ceuvre que la Commission internationale des glaciers
a devant elle est grande et intéressante; elle est difficile.
Abordons-la avee calme, courage et dévouement, Pour

. commencer, traitons le probléme le plus simplement pos-

sible et bornons-nous a récoller tous les faits historiques
(i peuvent nous faire connaitre les variations glaciaires
dans le passé’, et & instituer des observations qui nous les
fassent connaitre dans le présent et dans V'avenir. Quand
cette base aura é1é solidement établie, les questions sub-
sidiaires de cause, d’effel, de relations avec d’autres phé-
nomenes, les questions théoriques, ele., se présenteront
tout naturellement 2 nos éfudes, et nous, ou Nnos succes-
seurs, las traiterons 4 mesure qu’elles se développeront
devant nous,

FO rEWO rd by UNEP Executive Director

Climate change is now clearly at the top of the world’s
agenda. This momentum was generated in large part
by the Intergovernmental Panel on Climate Change
(IPCC), which made clear that climate change is already
happeningand accelerating. As aresult of the remarkable
efforts of last year, the international community is
armed with a powerful combination of authoritative
and compelling science, a far-reaching and rising tide
of public concern, and powerful declarations of political
will voiced at the Bali Climate Change Conference held
in December 2007.

The United Nations Development Programme (UNDP)
2007/2008 Human Development Report highlighted
the devastating effects climate change is already
having on the poorest and most vulnerable, making
the achievement of the Millennium Development Goals
more challenging. UNEP’s flagship Global Environment
Outlook report (GEO-4), published in October 2007,
concludes that: “Tackling climate change globally
will demand political will and leadership, and strong
stakeholder engagement. Adaptation to the changes
expected is now a global priority. Improved monitoring
is needed, and it is urgent to enhance our scientific
understanding of the potential tipping points beyond
which reversibility is not assured.”

Glaciers are a critical component of the earth’ system and
the current accelerated melting and retreat of glaciers
have severe impacts on the environment and human
well-being, including vegetation patterns, economic
livelihoods, natural disasters, and the water and energy
supply. Monitoring glacier changes and providing
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scientifically-sound, consistent and illustrative facts
and figures on glaciers are therefore critical functions in
today’s world. Glaciers and ice caps are now also one of
the Essential Climate Variables, a set of core variables in
support of the work of organizations such as the United
Nations Framework Convention on Climate Change
(UNFCCC) and the IPCC.

Under the auspices of the International Council for
Science (FAGS/ICSU), the International Union of Geodesy
and Geophysics (IACS/IUGG), the United Nations
Educational, Scientific and Cultural Organisation
(UNESCQ), the World Meteorological Organisation
(WMO), and the UNEP, the World Glacier Monitoring
Service (WGMS) collects and compiles the basic
glacier data from all parts of the world and provides
information on the state and trends of glaciers in almost
all mountain regions. The current publication follows
the Global Outlook for Ice and Snow that was published
by UNEP at the occasion of World Environment Day
2007 and complements regular reports by WGMS on
Fluctuations of Glaciers and Glacier Mass Balances. It
presents basic information on a range of glaciers and ice
caps throughout the world in a concise and illustrative
format, serving as a miniature atlas on global glacier
changes for a wide range of audiences.

UNEP commends the work of WGMS and partners on
this very important global issue and is grateful to all
those who contributed to this current comprehensive
and illustrative publication on the dramatic changes
affecting so many glaciers in so many parts of the
world.

—

Achim Steiner
United Nations Under-Secretary-General and
Executive Director, United Nations Environment Programme
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FO rEWO rd by WGMS Director

In 2006, a new record annual mass loss was measured
on the reference glaciers under observation, whose
mass balance has been recorded since the late 1940s
as part of internationally coordinated glacier observation
programmes. The average annual melting rate of mountain
glaciers appears to have doubled after the turn of the
millennium in comparison with the already accelerated
melting rates observed in the two decades before. The
previous record loss in the year 1998 has already been
exceeded three times, i.e., in the years 2003, 2004 and
2006, with the losses in 2004 and 2006 being almost twice
as high as the previous 1998 record loss. Glaciers and ice
caps are indeed key indicators and unique demonstration
objects of ongoing climate change. Their shrinkage and, in
many cases, even complete disappearance leaves no doubt
about the fact that the climate is changing at a global
scale and at a fast if not accelerating rate. Anyone can see
the changes in glacier extent and understand the basic
physical principle of snow and ice melting as temperatures
continue to rise: as the glaciers and ice caps on earth grow
smaller, the energy content in the climate system and in
the environment on which we depend becomes greater.

The task of scientific glacier monitoring networks is to
coordinate the worldwide collection of standardised
data in order to quantify the rate of change, to compare
its magnitude with the range of variability during the
pre-industrial times of the Holocene period, to validate
projections of possible future climate change based on
general circulation and regional climate models, and to
anticipate and assess impacts on the environment, the
economy and on society. By looking at glaciers or what
is left of them, future generations will be able to discern
clearly which climate scenario is being played out at
the present time. The consequences of snow and ice
disappearance for landscape characteristics and natural
hazards in high mountain areas will be felt at local to
regional scales, while the changes in the water cycle will
also affect continental-scale water supply and global-
scale sea levels. The degree of glacier vanishing indeed
reflects the increasing distance from dynamic equilibrium
conditions of the climate system.

(79
Wi
Glaciers and ice caps constitute Essential Climate
Variables (ECV) within the Global Climate Observing
System (GCOS) and its terrestrial component, the Global
Terrestrial Observing System (GTOS), as related to the
United Nations Framework Convention on Climate Change
(UNFCCC). The corresponding Global Terrestrial Network
for Glaciers (GTN-G) is run by the World Glacier Monitoring
Service (WGMS) at the University of Zurich, Switzerland, in
cooperation with the National Snow and Ice Data Center
(NSIDC) at Boulder, Colorado, and the Global Land Ice
Measurement from Space (GLIMS) initiative. The collected
data form the basis for international assessments such as
IPCC, or UNEP’s recent Global Outlook for Ice and Snow.
They are frequently analysed and discussed at scientific
conferences and in related publications.

It is the task and responsibility of the WGMS to collect
and disseminate standardised data on glacier changes
worldwide. The standards are documented in the periodical
WGMS publications (Fluctuations of Glaciers at 5-yearly
intervals and the biennial Glacier Mass Balance Bulletin)
as well as by the corresponding forms and requests for
data submission through the national correspondents
and principal investigators. The present publication aims
at providing a commented and illustrated overview of the
distribution and development of glaciers and ice caps
based on the currently available database and selected
satellite imagery. It was compiled in collaboration with the
WGMS network of national correspondents and principal
investigators and reviewed by regional glacier experts.

Our sincere thanks go to all the colleagues and friends
who generously provided materials, ideas and expertise.
It is with their help and with the support of the sponsoring
agencies at national and international levels that the
glacier community has been able to build up, for more
than a century now, a unique treasury of information on
the fluctuations in space and time of glaciers and ice caps
on earth.

Wilfried Haeberli

Director, World Glacier Monitoring Service

Summary

Changes in glaciers and ice caps provide some of the
clearest evidence of climate change, and as such they
constitute key variables for early detection strategies
in global climate-related observations. These changes
have impacts on global sea level fluctuations, the re-
gional to local natural hazard situation, as well as on
societies dependent on glacier meltwater. Internation-
ally coordinated collection and publication of stand-
ardised information about ongoing glacier changes
was initiated back in 1894. The compiled data sets on
the global distribution and changes in glaciers and ice
caps provide the backbone of the numerous scientific
publications on the latest findings about surface ice on
land. Since the very beginning, the compiled data has
been published by the World Glacier Monitoring Service
and its predecessor organisations. However, the corre-
sponding data tables, formats and meta-data are mainly
of use to specialists.

Itis in order to fill the gaps in access to glacier data and
related background information that this publication
aims to provide an illustrated global view of the avail-
able data sets related to glaciers and ice caps, their dis-
tribution around the globe, and the changes that have
occurred since the maximum extents of the so-called
Little Ice Age (LIA).

International glacier monitoring has produced a range
of unprecedented data compilations including some
36 000 length change observations and roughly 3 400
mass balance measurements for approximately 1 800
and 230 glaciers, respectively. The observation series
are drawn from around the globe; however, there is
a strong bias towards the Northern Hemisphere and
Europe. A first attempt to compile a world glacier in-
ventory was made in the 1970s based mainly on aerial
photographs and maps. It has resulted to date in a de-
tailed inventory of more than 100 000 glaciers covering
an area of about 240 000 km? and in preliminary esti-
mates, for the remaining ice cover of some 445 000 km?
for the second half of the 20th century. This inventory
task continues through the present day, based mainly
on satellite images.
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The moraines formed towards the end of the Little
Ice Age, between the 17th and the second half of the
19th century, are prominent features of the landscape,
and mark Holocene glacier maximum extents in many
mountain ranges around the globe. From these posi-
tions, glaciers worldwide have been shrinking signifi-
cantly, with strong glacier retreats in the 1940s, stable
or growing conditions around the 1920s and 1970s, and
again increasing rates of ice loss since the mid 1980s.
However, on a time scale of decades, glaciers in various
mountain ranges have shown intermittent re-advances.
When looking at individual fluctuation series, one finds
a high rate of variability and sometimes widely contrast-
ing behaviour of neighbouring ice bodies.

In the current scenarios of climate change, the ongoing
trend of worldwide and rapid, if not accelerating, glacier
shrinkage on the century time scale is most likely of a
non-periodic nature, and may lead to the deglaciation
of large parts of many mountain ranges in the coming
decades. Such rapid environmental changes require
that the international glacier monitoring efforts make
use of the swiftly developing new technologies, such as
remote sensing and geo-informatics, and relate them to
the more traditional field observations, in order to bet-
ter face the challenges of the 21st century.

Fig. 0:1b Morteratsch Glacier, 2007

Fig. 0.1a—b Recession of Morteratsch Glacier, Switzerland, be-
tween 1985 and 2007. Source: J. Alean, SwissEduc (www.swisse-
duc.ch) / Glaciers online (www.glaciers-online.net).
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1 Introduction

Glaciers, ice caps and continental ice sheets cover some
ten per cent of the earth’s land surface at the present
time, whereas during the ice ages, they covered about
three times this amount (Paterson 1994, Benn and
Evans 1998). The present ice cover corresponds to
about three-quarter of the world’s total freshwater re-
sources (Reinwarth and Stablein 1972). If all land ice
melted away, the sea level would rise by almost 65 m,
with the ice sheets of Antarctica and Greenland contrib-
uting about 57 and 7 metres, respectively, and all other
glaciers and ice caps roughly half a metre to this rise
(IPCC 2007). Glaciers are an inherent component of the
culture, landscape, and environment in high mountain
and polar regions. They represent a unique source of
freshwater for agricultural, industrial and domestic use,
an important economic component of tourism and hy-
dro-electric power production, yet they can also consti-
tute a serious natural hazard. Because they are close to
the melting point they react strongly to climate change,
and thereby provide some of the clearest evidence of
climate change and are essential variables within global
climate-related monitoring programmes (GCOS 2004).

The cryosphere, derived from the Greek word kryo for
cold, consists of snow, river and lake ice, sea ice, gla-
ciers and ice caps, ice shelves and ice sheets, and fro-
zen ground (Fig. 1.1). The different cryospheric compo-
nents can be categorised in a) seasonal and perennial
ice, b) surface and subsurface ice c) ice in the sea, in

Box 1.1 Perennial surface ice on land

Ice sheet: a mass of land ice of continental size, and thick
enough to cover the underlying bedrock topography. Its
shape is mainly determined by the dynamics of its outward
flow. There are only two continental ice sheets in the mod-
ern world, on Greenland and Antarctica; during glacial peri-
ods there were others.

Ice shelf: a thick, floating slab of freshwater ice extending
from the coast, nourished by land ice. Nearly all ice shelves
are located in Antarctica.

Glacier: a mass of surface-ice on land which flows downhill
under gravity and is constrained by internal stress and fric-
tion at the base and sides. In general, a glacier is formed
and maintained by accumulation of snow at high altitudes,
balanced by melting at low altitudes or discharge into lakes
or the sea.

Ice cap: dome-shaped ice mass with radial flow, usually
covering the underlying topography.

Note that drawing a distinction between ice sheets on one
hand, and glaciers and ice caps on the other, is in accord-
ance with the definition of the Essential Climate Variables
as put forth by GCOS (2004). The term ‘glacier’ is used in
this context as a synonym for different types of surface
land ice masses including outlet glaciers, valley glaciers,
mountain glaciers and glacierets.

Sources: WGMS 1989, WGMS 2005a,b, IPCC 2007, UNEP 2007.
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Fig. 1.1 Components of the cryosphere and their typical time scales. Source: Fig. 4.1 of IPCC (2007).

rivers, in lakes and on land. When referring to perennial
surface ice on land, one usually differentiates between
ice sheets, ice shelves, glaciers and ice caps (Box 1.1).
There are fundamental differences in time-scales and
processes involved between the different components
of the perennial surface-ice on land. Due to the large
volumes and areas, the two continental ice sheets ac-
tively influence the global climate over time scales of
months to millennia. Glaciers and ice caps, with their
smaller volumes and areas, react to climatic forcing at
typical time scales from years to centuries. The focus
of the present publication is on glaciers and ice caps.
Good overviews on the state of knowledge concern-
ing all cryospheric components can be found in IGOS
(2007), IPCC (2007) and UNEP (2007).

Internationally coordinated glacier monitoring was initi-
ated already as early as 1894 (Box 1.2). To the present
day, the active international compilation and publica-
tion of standardised glacier data has resulted in un-
precedented data sets on the distribution and changes
of glaciers and ice caps. These data derived from field
measurements and remote sensing provide a funda-
mental basis for the scientific studies which constitute
the present state of knowledge on glacier changes in
time and space. Usually, scientific articles report on
the methods and main results of glacier investigations.
The raw data and meta-data are compiled, published
in standardised formats and made readily available in
printed and digital form by the World Glacier Monitor-
ing Service (WGMS) and its cooperation partners. These
are the US National Snow and Ice Data Center (NSIDC),
which is one of the World Data Centers for Glaciology,
and the Global Land Ice Measurements from Space
(GLIMS) initiative. So far, a status report on the World
Glacier Inventory (WGI) was published in 1989 (WGMS
1989) whereas detailed information on glacier fluctua-
tions has been compiled every five years (WGMS 2008,
and earlier volumes) and on glacier mass balance every
other year (WGMS 2007, and earlier volumes). With the
exception of the latter, these products present the data
in tabular form with related meta-data, usually compre-
hensible to specialists.

The aim of this publication is to provide an illustrated
global view of (a) the available data basis related to the
monitoring of glaciers and ice caps, (b) their worldwide
distribution, and (c) their changes since the maximum
extents of the Little Ice Age (LIA).
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Box 1.2 International glacier monitoring

Worldwide collection of information about ongoing glacier
changes was initiated in 1894 with the foundation of the
Commission Internationale des Glaciers at the 6th Interna-
tional Geological Congress in Zurich, Switzerland. Today,
the World Glacier Monitoring Service (WGMS) continues the
collection and publication of standardised information on
distribution and ongoing changes in glaciers and ice caps.
The WGMS is a service of the International Association
of the Cryospheric Sciences of the International Union of
Geodesy and Geophysics (IACS, IUGG) and the Federation
of Astronomical and Geophysical Data Analysis Services
of the International Council for Science (FAGS, ICSU) and
maintains a network of local investigators and national cor-
respondents in all the countries involved in glacier monitor-
ing. In cooperation with the US National Snow and Ice Data
Center (NSIDC) in Boulder and the Global Land Ice Measure-
ments from Space (GLIMS) initiative, the WGMS is in charge
of the Global Terrestrial Network for Glaciers (GTN-G) with-
in the Global Climate/Terrestrial Observing System (GCOS/
GTOS). GTN-G aims to combine (a) field observations with
remotely sensed data, (b) process understanding with glo-
bal coverage, and (c) traditional measurements with new
technologies by using an integrated and multi-level moni-
toring strategy.

More information on the history of international glacier
monitoring is found in Haeberli (2007). The GTN-G monitor-
ing strategy is discussed in detail in Haeberli et al. (2000)
and Haeberli (2004), with updates on the present state in
the biennial GTOS reports (GTOS 2006, GTOS 2008), and
illustrated using the example of the European Alps in Hae-
berli et al. (2007).

Federation of Astronomical and Geophysical Data Analysis Services:
wwwicsu-fags.org

Global Land Ice Measurements from Space: www.glims.org
Global Terrestrial Network for Glaciers: www.fao.org/gtos/gt-netGLA htm
Global Climate Observing System: www.wmo.ch/pages/prog/gcos/
Global Terrestrial Observing System: www.fao.org/gtos/

International Association of Cryospheric Sciences:
www.cryosphericsciences.org

United Nations Environment Programme: www.unep.org

United Nations Educational, Scientific and Cultural Organization:
WWW.UNEsCo.0rg

US National Snow and Ice Data Center: www.nsidc.org
World Glacier Monitoring Service: www.wgms.ch
World Meteorological Organization: www.wmo.ch
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2 Glaciers and climate

Glaciers generally form where snow deposited during the cold/humid season does not entirely
melt during warm/dry times. Temperate glaciers not influenced by thick debris cover, calving
or surge instabilities are recognised as being among the best climate indicators as their reac-
tion or change provide a signal that is easily understandable to a wider public.

Glaciers form where snow is deposited during the cold/
humid season and does not entirely melt during warm/
dry periods. This seasonal snow gradually densifies
and transforms into perennial firn and finally, after the
interconnecting air passages between the grains are
closed off, into ice (Paterson 1994). The ice from such
accumulation areas then flows under the influence of
its own weight and the local slopes down to lower alti-
tudes, where it melts again (ablation areas). Accumula-
tion and ablation areas are separated by the equilibrium
line, where the balance between gain and loss of mass
is exactly zero. Glacier distribution is thus primarily a
function of mean annual air temperature and annual
precipitation sums modified by the terrain which influ-
ences, for example, the amount of incoming net radia-
tion or the accumulation pattern.

In humid-maritime regions, the equilibrium line is at
(relatively) low altitude with warm temperatures and
long melting seasons, because of the large amount of
ablation required to eliminate thick snow layers (Shum-
skii 1964, Haeberli and Burn 2002). ‘Temperate’ gla-
ciers with firn and ice at melting temperature dominate
these landscapes. Such ice bodies, with relatively rapid
flow, exhibit a high mass turnover and react strongly
to atmospheric warming by enhanced melt and run-
off. Features of this type are the Patagonian Icefields
and the ice caps of Iceland, as well as the glaciers of
the western Cordillera of North America, the western
mountains of New Zealand (Fig. 2.1) and Norway. The
lower parts of such maritime-temperate glaciers may
extend into forested valleys, where summer warmth
and winter snow accumulation prevent development of
permafrost. In contrast, under dry-continental condi-

Fig. 2.1 Franz-Josef Glacier, 2007

tions, such as in parts of Antarctica (Fig. 2.2), northern
Alaska, Arctic Canada, subarctic Russia, parts of the
Andes near the Atacama desert, and in many Central
Asian mountain chains, the equilibrium line may be at
(relatively) high elevation with cold temperatures and
short melting seasons. In such regions, glaciers lying
far above the tree line can have polythermal as well as
cold firn/ice well below melting temperature, also a low
mass turnover, and are often surrounded by permafrost
(Shumskii 1964).

The reaction of a glacier to a climatic change involves
a complex chain of processes (Nye 1960, Meier 1984).
Changes in atmospheric conditions (solar radiation, air
temperature, precipitation, wind, cloudiness, etc.) influ-
ence the mass and energy balance at the glacier sur-
face (see Kuhn 1981, Oerlemans 2001). Air temperature
thereby plays a predominant role as it is related to the
long-wave radiation balance, turbulent heat exchange
and solid/liquid precipitation. Over time periods of
years to several decades, cumulative changes in mass

Fig. 2.1 Franz-Josef Glacier, New Zealand, is a temperate valley
glacier in a maritime climate descending into rain forest. Source:
M. Hambrey, SwissEduc (www.swisseduc.ch).

Fig. 2.2 Commonwealth Glacier, Taylor Valley, Antarctica, is a
cold glacier in a continental climate (10 January 2007). In the
background Canada Glacier and frozen Lake Fryxell are shown.
Source: D. Stumm, University of Otago, New Zealand.

Fig.”Z:2“Commonwealth Glagi

balance cause volume and thickness changes, which
in turn affect the flow of ice via altered internal defor-
mation and basal sliding. This dynamic reaction finally
leads to glacier length changes, the advance or retreat
of glacier tongues. In short, the advance or retreat of
glacier tongues (i.e., the ‘horizontal’ length change)
constitutes an indirect, delayed and filtered but also en-
hanced and easily observed signal of climatic change,
whereas the glacier mass balance (i.e., the ‘vertical’
thickness change) is a more direct and undelayed sig-
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The described complication involved with the dynamic
response disappears if the time interval analysed is
sufficiently long, i.e., longer than it takes a glacier to
complete its adjustment to a climatic change (J6hannes-
son et al. 1989, Haeberli and Hoelzle 1995). Cumulative
length and mass change can be directly compared over
such extended time periods of decades (Hoelzle et al.
2003). Different behaviours are encountered at heav-
ily debris-covered glaciers with reduced melting and
strongly limited ‘retreat’, glaciers ending in deep wa-
ter bodies causing enhanced melting and calving, and
glaciers periodically undergoing mechanical instability
and rapid advance (‘surge’) after extended periods of
stagnation and recovery. Glaciers (those not affected by
these special conditions) are recognised to be among
the best indicators within global climate related moni-
toring (Box 2.1). They gradually convert a small change
in climate, such as a temperature change of 0.1°C per
decade over a longer time period, into a pronounced
length change of several hundred metres or even kilo-
metres.

nal of annual atmospheric conditions (Haeberli 1998).

Box 2.1 Glaciers as climate indicator

Glacier changes are recognised as high-confident climate indicator and as a valuable element in early detection strategies
within the international climate monitoring programmes (GCOS 2004, GTOS 2008). Fluctuations of a glacier, which are not
influenced by thick debris covers, calving or surge instabilities, are a reaction to climatic forcing. Thereby, the glacier length
change (i.e., the advance or retreat) is the indirect, delayed, filtered but also enhanced signal to a change in climate, whereas
the glacier mass balance (i.e., the change in thickness/volume) is the direct and un-delayed response to the annual atmos-
pheric conditions (Haeberli and Hoelzle 1995). The mass balance variability of glaciers is well correlated over distances of
several hundred kilometres and with air temperature (Lliboutry 1974, Schéner et al. 2000, Greene 2005). However, the glacier
mass balance change provides an integrative climatic signal and the quantitative attribution of the forcing to individual mete-
orological parameters is not straight forward. The energy and mass balance at the glacier surface is influenced by changes in
atmospheric conditions (e.g., solar radiation, air temperature, precipitation, wind, cloudiness). Air temperature thereby plays
a predominant role as it is related to the radiation balance, turbulent heat exchange and solid/liquid precipitation ratio (Kuhn
1981, Ohmura 2001). The climatic sensitivity of a glacier not only depends on regional climate variability but also on local
topographic effects and the distribution of the glacier area with elevation, which can result in two adjacent glaciers featuring
different specific mass balance responses (Kuhn et al., 1985). As a consequence, the glacier sensitivity to a climatic change
is much related to the climate regime in which the ice is located. The mass balance of temperate glaciers in the mid-latitudes
is mainly dependent on winter precipitation, summer temperature and summer snow falls (temporally reducing the melt due
to the increased albedo; Kuhn et al. 1999). In contrast, the glaciers in the low-latitudes, where ablation occurs throughout the
year and multiple accumulation seasons exist, are strongly influenced by variations in atmospheric moisture content which
affects incoming solar radiation, precipitation and albedo, atmospheric longwave emission, and sublimation (Wagnon et al.
2001, Kaser and Osmaston 2002). In the Himalaya, influenced by the monsoon, most of the accumulation and ablation occurs
during the summer (Ageta and Fujita 1996, Fujita and Ageta 2000). Cold glaciers in high altitude and the polar regions can
receive accumulation in any season (Chinn 1985). As described in the text, strongly diverse mass balance characteristics also
exist between glaciers under dry-continental conditions and in maritime regions. As a consequence, analytical or numerical
modelling is needed to quantify the above mentioned topographic effects as well as to attribute the glacier mass changes to
individual meteorological or climate parameters (e.g., Kuhn 1981, Oerlemans 2001). Modelling is further needed in combina-
tion with measured and reconstructed glacier front variations, to compare the present mass changes with the (pre-) industrial
variability (e.g. Haeberli and Holzhauser 2003).
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3 Global distribution of glaciers and ice caps

A first attempt to compile a world glacier inventory started in the 1970s based mainly on aerial photographs
and maps. Up to now, it resulted in a detailed inventory of more than 100 000 glaciers covering an area of
about 240 000 km?, and in preliminary estimates for the remaining ice cover of some 445 000 km?. Today
the task of inventorying glaciers worldwide is continued for the most part based on satellite images.

The need for a worldwide inventory of existing per-
ennial ice and snow masses was first considered dur-
ing the International Hydrological Decade declared
by UNESCO for the period of 1965-1974 (Hoelzle and
Trindler 1998, UNESCO 1970). The Temporal Technical
Secretariat for the World Glacier Inventory (TTS/WGI)
was established in 1975 to prepare guidelines for the
compilation of such an inventory and to collect available
data sets from different countries (WGMS 1989). These
tasks were continued by its successor organisation, the
WGMS, after 1986. In 1989, a status report on the WGI
was published including detailed information on about
67 000 glaciers covering some 180 000 km? and pre-
liminary estimates for the other glacierised regions,
both based on aerial photographs, maps, and satellite
images (WGMS 1989). The detailed inventory includes
tabular information about geographic location, area,
length, orientation, elevation and classification of mor-
phological type (a selection of different types is shown
in Figures 3.2-3.5, and more in the other chapters) and
moraines, which are related to the geographical coordi-
nates of glacier label points. Due to the different data
sources, the entries of the WGI do not refer to one spe-
cific year but can be viewed as a snapshot of the glacier
distribution around the 1960s. The average map year
is 1964 with a standard deviation of eleven years, and
a time range from 1901 to 1993. In 1998, the WGMS

and the NSIDC agreed to work together, pooled their
data sources and made the inventory available online
in 1999 via the NSIDC website (Box 3.1). Since then,
several plausibility checks, subsequent data corrections
and updates of the inventory have been carried out,
including updates and new data sets from the former
Soviet Union and China. At present the database con-
tains information for over 100 000 glaciers throughout
the world with an overall area of about 240 000 km?
(NSIDC 2008). This corresponds to about half of the to-
tal number and roughly one-third of the global ice cover
of glaciers and ice caps, which are estimated at 160 000
and 685 000 km?, respectively, by Dyurgerov and Meier
(2005) based mainly on the WGI (WGMS 1989) and ad-
ditional estimates from the literature.

In 1995, the GLIMS initiative was launched, in close col-
laboration with the NSIDC and the WGMS, to continue the
inventorying task with space-borne sensors as a logical
extension of the WGI and storing the full complement
of the WGMS-defined glacier characteristics (see Kadb et
al. 2002, Bishop et al. 2004, Kargel et al. 2005). GLIMS
is designed to monitor the world’s glaciers primarily us-
ing data from optical satellite instruments, such as the
Advanced Spaceborne Thermal Emission and reflection
Radiometer (ASTER), an instrument that is required on
board of Terra satellite (Box 3.2). A geographic infor-

Box 3.1 Online data access to the WGI and GLIMS databases

The World Glacier Inventory (WGI) currently has detailed information on over 100 000 glaciers throughout the world. Pa-
rameters within the inventory include coordinates (latitude and longitude) per glacier, together with tabular information about
geographic location, area, length, orientation and elevation, as well as classifications of morphological type and moraines. The
entire database can be searched by entering attributes and geographical location. The data sets thus selected or the entire
database can be downloaded via the websites of the NSIDC, the WGMS, or of the GLIMS glacier database.

The GLIMS Glacier Database stores some 62 000 digital glacier outlines together with tabular information such as glacier
area, length and elevation. The database can be queried using a text or mapping search interface. Glacier outlines with the
related information can be downloaded from the GLIMS website in several formats used by geographic information system
software products.

WGI at NSIDC: http://nsidc.org/data/glacier_inventory/index.html
WGI at WGMS: http://www.wgms.ch/wgi.html
GLIMS Glacier Database: http://glims.colorado.edu/glacierdata/
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Box 3.2 ASTER satellite images

Satellite data are an important resource for global-scale glacier monitoring. They enable the observation of land ice masses
over large spatial scales using a globally uniform set of data and methods, and independent of monitoring obstacles on the
ground such as access problems and financial limitations on institutional levels. On the other hand, space-aided glacier moni-
toring relies on a small number of space agencies, the financial resources and political willingness of which are thus crucial for
the maintenance of the monitoring system. Typical glaciological parameters that can be observed from space are glacier areas
and their changes over time, snow lines, glacier topography and glacier thickness changes, and glacier flow and its changes
over time (Kdab 2005).

The satellite images in this publication were taken by the US/Japan Advanced Thermal Emission and Reflection Radiometer
(ASTER) onboard the NASA Terra spacecraft. They were acquired within the Global Land Ice Measurements from Space (GLIMS)
initiative and obtained through the US Geological Survey/NASA EOS data gateway. The ASTER sensor includes two spectral
bands in the visible range (green and red), one band in the near-infrared, six bands in the short-wave infrared, and five bands
in the thermal infrared. The most important bands for glaciological applications are the visible, near- and short-wave infrared
bands (Fig. 3.1 a-d). They allow for automatic mapping of ice and snow areas. This technique exploits the large difference in
ice and snow reflectivity between the visible, near- and short-wave infrared spectrum, and enables the fast compilation of a
large number of glacier outlines and their changes over time. In addition to the above-mentioned nadir bands, ASTER has also
a back-looking stereo sensor that, together with the corresponding nadir image, allows for the photogrammetric computation
of glacier topography and its changes over time (Kdab 2005).

Fig. 3.1 a—d Glaciers in Bhutan, Himalayas (57x42 km): a) green ASTER band, b) shortwave-infrared, c) colour composite of
the green, red and near-infrared bands, and d) colour composite of red, near-infrared and short-wave infrared bands.
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mation system, including database and web interfaces,
has been designed and implemented at the NSIDC in
order to host and distribute the information from the
WGI and the new GLIMS databases (Raup et al. 2007). In
addition to the point information of the WGI, the GLIMS
database now contains digital outlines on over 62 000
glaciers (status as of May, 2008). A global overview of
the distribution of glaciers and ice caps as well as avail-
able datasets is given in Figure 3.6. New projects, such
as the International Polar Year (IPY; www.ipy.org) and
the GlobGlacier project, a data user element activity
within the European Space Agency (Volden 2007), aim
at making a major contribution to the current WGMS
and GLIMS databases.

At first glance it might be surprising to find that after
more than three decades of cryosphere observation
from space (see IGOS 2007) there is still no complete
detailed inventory of the world’s glaciers and ice caps.
Glacier mapping techniques from threshold ratio satel-
lite images have been developed and automated to a
high degree (Paul et al. 2002). However, fully automated
inventorying of individual glaciers is hampered by chal-
lenges encountered with topographic shadowing effects,
debris-covered and calving glaciers, clouds and snow
separation as well as with the location of ice divides. A
high quality inventory of glaciers and ice caps from both
aerial photographs and satellite images still needs to be
operated by a well-trained glaciologist. Empirical values
of completed glacier inventories based on satellite imag-
es (e.g., Paul and Kdab 2005), indicate average operation
times of five minutes per glacier for the semi-automatic
detection of ice outlines as well as manual correction
of errors due to shading and debris cover, and another
five minutes per glacier for the delineation of individual
glacier catchments, neither including the compilation of
useful satellite images nor the rectification and restora-
tion of the scenes (see Lillesand and Kiefer 1994).

The latest assessment report of IPCC (2007) quotes the
total area of land ice and corresponding potential sea
level rise at 510 000-540 000 km? and at 150-370 mm,
respectively (Table 3.1). These estimates - as noted in
IPCC (2007) - do not include ice bodies around the ice
sheets in Greenland and Antarctica. Preliminary rough

Fig. 3.2 Gaisbergferner (left) and Rotmoosferner (right), Austria
(July 2002). These typical valley glaciers were connected during
the last ice age (transfluence zone in the centre of the photo-
graph). Source: . Roer, University of Zurich, Switzerland.

Fig. 3.3 Piedmont glaciers in southern Axel Heiberg Island, Cana-
dian Arctic. Aerial photograph (1977). Source: J. Alean, SwissEduc
(www.swisseduc.ch) / Glaciers online (www.glaciers-online.net).

Fig. 3.4 Jostedalsbreen, Norway, is a typical ice cap with sever-
al outlet glaciers, e.g., Nigardsbreen in the centre of the aerial
photography of 1982. Source: Photo of unknown photographer
provided by the archive of the Norwegian Water Resources and
Energy Directorate (NVE).

Fig. 3.5 Debris-covered tongue of Balfour Glacier, New Zealand.
Source: M. Hoelzle, University of Zurich, Switzerland.
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Table 3.1 Ice sheets, ice shelves, glaciers and ice caps

Area  Ice volume Potential sea

Cryospheric Component (mio km?) (mio km3) level rise (m) [e]

Fig. 3.6 Global glacier inventories

estimates of the ice cover of glaciers and ice caps, sur-
rounding the continental ice sheets, are 70 000 km?
in Greenland based on Weidick and Morris (1998) and
ranges between 70 000 km? (Weidick and Morris 1998)
and 169 000 km? (Shumsky 1969) for Antarctica. Hence
the values indicated in the table (Table 3.1) of the IPCC
report (2007), represent minimum values of the global
area of glaciers and ice caps as well as their potential
contribution to sea level rise.

New Guinea (3)
Africa (6) |
New Zealand (1 160)
Scandinavia (2 940)
Central Europe (3 785)
Nelll{iWailmerica
North Asia
Antarctica

Central Asia
North America

50 000 100 000 150 000 200 000 250 000

Glaciers and ice caps

- smallest estimate [a] 0.51 0.05 0.15
- largest estimate [b] 0.54 0.13 0.37
Ice shelves [c] 1.50 0.70 ~0
Ice sheets

- Greenland [d] 1.7 2.9 7.3
- Antarctica [c] 12.3 24.7 56.6
Notes:

[a] Ohmura (2004); glaciers and ice caps surrounding Greenland and Ant-
arctica are excluded; [b] Dyurgerov and Meier (2005); glaciers and ice caps
surrounding Greenland and Antarctica are excluded,; [c] Lythe et al. (2001);
[d] Bamber et al. (2001); [e] Assuming an oceanic area of 3.62 x 100 mio
km?, an ice density of 917 kg/m’, a seawater density of 1 028 kg/m’, and
seawater replacing grounded ice below sea level.

Source: IPCC (2007), Table 4.1

Arctic

300 000 km?

Fig. 3.7 Regional overview of the distribution of glaciers and ice caps
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Fig. 3.6 Worldwide distribution of perennial surface ice on land. The
map shows the approximate distribution of glaciers, ice caps and the
two ice sheets from ESRI's Digital Chart of the World (DCW), overlaid
by the point layer of the World Glacier Inventory (WGI) and the poly-
gons of the Global Land Ice Measurements from Space (GLIMS) data-
bases (status June 2008).

Fig. 3.7 Regional overview of the distribution of glaciers and ice caps.
Source: Dyurgerov and Meier (2005).

Table 3.1 Area, volume and sea level equivalent of glaciers and
ice caps, ice shelves and the two continental ice sheets as given
in the latest report of the Intergovernmental Panel on Climate
Change. The values for glaciers and ice caps denote the small-
est and largest estimates, excluding the ice bodies surrounding
the ice sheets on Greenland and Antarctica. Source: IPCC (2007),
Table 4.1
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4 Glacier fluctuation series

The internationally coordinated collection of information on glacier changes has resulted in unprec-
edented compilations of data including some 36 000 length change observations and roughly 3 400
mass balance measurements for about 1 800 and 230 glaciers, respectively. The observation series are
located around the globe, with a bias towards the Northern Hemisphere and in particular Europe.

Since the very beginning of the internationally coor-
dinated glacier monitoring activities in 1894, the col-
lected data on glacier fluctuations has been published
in written reports. The Swiss limnologist Francois-Al-
phonse Forel started the periodical publishing of the
Rapports sur les variations périodiques des glaciers
(Forel 1895) on behalf of the then established Com-
mission Internationale des Glaciers, which later devel-
oped into the International Commission on Snow and
Ice, and in 2007 into the International Association of
Cryospheric Sciences (see Radok 1997, Jones 2008). Up
to 1961, the data compilations constituting the main
source of glacier length change (Box 4.1) data world-
wide were published in French, Italian, German, and
English; since 1967, all publications appear in English
(Haeberli 1998). The first reports contain mainly quali-
tative observations, with the exception of the glaciers
in the Alps and Scandinavia, which have been well docu-
mented by quantitative measurements right from the
start (Forel and Du Pasquier 1896, 1897; Richter 1898,
1899, 1900; Finsterwalder and Muret 1901, 1902,
1903; Reid and Muret 1904, 1905, 1906; Briickner and
Muret 1908, 1909, 1910, 1911; Rabot and Muret 1911,
1912, 1913; Rabot and Mercanton 1913; Hamberg and
Mercanton 1914). After the First World War, Mercanton
edited the publications which appeared less frequent-
ly (Mercanton 1930, 1934, 1936, 1948, 1952, 1954,
1958, 1961). Starting with 1967, the data have been
published in five-yearly intervals under the Fluctuations
of Glaciers series, first by the Permanent Service on the
Fluctuations of Glaciers (PSFG 1967, 1973, 1977, 1985)
and, after the merger of the PSFG with the Temporal
Technical Secretariat (TTS)/WGI in 1986, by the WGMS
(1988, 1993a, 1998, 2005a, 2008). In 1945, annual

Fig. 4.1 Sketch explaining the measurement of the glacier front
position as published by Forel (1895).

Fig. 4.2 Length change measurement at Steinlimmi Glacier, Swit-
zerland. An investigator determines the direction from a marked
boulder in the forefield to the glacier terminus. Source: S. Kap-
peler, Switzerland.

Box 4.1 Measurement of glacier length changes

The basic principle behind the measurement of horizon-
tal changes in the position of the glacier terminus is very
simple and was already illustrated in the Instruction pour
'observation des variations des glaciers by Forel (1895).

Fig. 4.1 Front position measurement (Forel 1895)

The distance and direction from fixed positions in the gla-
cier forefield (such as landmarks, cairns and boulders) to
the ice front are measured in metres and compared to the
values of the previous year(s). Historically the measure-
ments have been carried out using tape and compass, and
over the past years increasingly by means of universal sur-
veying instruments and global positioning systems. Ideally
the cumulative annual length change measurements of a
glacier are compared with decadal length changes as de-
rived from aerial photographs or satellite images.

mass balance measurements (Box 4.2) over an entire
glacier with the direct glaciological method (cf. @strem
and Brugman 1991), based on an extensive net of abla-
tion stakes, snow pits and snow probing, were initiated
on Storglacidren, Sweden (Holmlund and Jansson 2005).
This new type of data has been included, together with
detailed meta-data in tabular form, in the Fluctuations of
Glaciers series since the very first volume (PSFG 1967).
As a consequence of the rising interest in and in or-
der to accelerate the access to the glacier mass balance
information, preliminary values on the specific annual
mass balance as well as on the equilibrium line altitude
and the accumulation area ratio have been published
in the bi-annual Glacier Mass Balance Bulletin (WGMS
1991, 1993b, 1994, 1996, 1999, 2001, 2003, 2005b,

Fig. 4.3 Drilling of an ablation stake. Source: D. Vonder Mhll,
University of Zurich, Switzerland.

Fig. 4.4 Accumulation measurements in a snow pit. Source: M.
Hoelzle, University of Zurich, Switzerland.
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Box 4.2 Measurement of glacier mass balance

The WGMS collects and publishes mass balance data of gla-
ciers and ice caps from direct glaciological and geodetic
methods. The direct glaciological method is based on field
measurements of the change in glacier surface elevation
between two dates at a network of ablation stakes, snow
pits and snow probings. The differences in elevation, i.e.
gain or loss, are multiplied by (measured or estimated) den-
sity of snow, firn or ice to units in metre water equivalent
(m w.e.) and then interpolated over the entire glacier by a
set of methods. The mass change calculated in this way
corresponds to the total meltwater runoff in cubic m w.e. of
the measurement period. Division of the total mass change
by the glacier area yields the specific glacier mass balance
which corresponds to the mean glacier thickness change
in m w.e. and can be compared directly between differ-
ent glaciers. The measurement and calculation of glacier
mass balance contains various sources of systematic and
random errors and uncertainties (see Gerbaux et al. 2005
and references therein). This requires checking against
the independent geodetic methods which derive decadal
volume changes from repeated mapping of the glacier to-
pography.

Detailed explanations on how to measure glacier mass bal-
ance are found in the manuals of @strem and Stanley (1969),
@strem and Brugman (1991), and Kaser et al. (2003).
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2007). Based on an agreement with the Terrestrial Ob-
servation Panel for Climate of GCOS/GTQS, preliminary
glacier mass balance results have been made available

.. Table 4.1 Global and regional overview of the available length change and mass balance observations
Box 4.3 Submission and request for gla-

cier fluctuation data FRONT VARIATION

Last AVTR AvNo SerDens:NoSer NoRef NoSer First Last AvNo

MASS BALANCE

Macroregion

annually on the WGMS website since 1999, as of one Sy 0Obs Ser 2Ist SY SY Obs

year after the end of the measurement period. The WGMS regularly collects data on changes in glacier New Guinea 3] 3] 0]1936/1941/1990(46.3] 4.7/1000.0[ 0 0 0.0
length, area, thickness and volume for publication in the Africa 6/ 14 11/1893/1899]2004|71.4] 6.1]2333.3] 1 0/19791996] 18.0] 166.7

In 1989, an initial attempt was made to set up a glacio- luctuations of Glaciers and the Glacier Mass Balance New Zealand 1160 99| 70[1879|1892]2005[14.4] 6.2] 853 3 1119592005 2.7] 26

logical database with the data collected and published ~ Bulletin series. Corresponding calls-for-data are sent out Scandinavia 2940 67| 451896 |1899]2005[53.2] 30.2] 22.8] 39 231946 [2005| 16.3] 133

through the national correspondents of WGMS who or-
ganise the collection and submission of the glacier data
in line with the WGMS standards. Apart from the official
calls-for-data, the WGMS welcomes any information on gla-
cier changes that is submitted according to the standards
described in the submission guidelines on the WGMS web-
site. All data hosted by the WGMS is available on request

29/19482005| 19.6/ 11.4
197612005| 8.1 0.4
51962 (2005 13.5| 0.2
112002 [2005| 4.0/ 0.0
6/1957]2005]| 13.1 0.3
24/ 1953 /2005| 15.8) 0.4

in the WGl and in the Fluctuations of Glaciers series as
well as those compiled from the literature (Hoelzle and
Trindler 1998, Hoelzle et al. 2003). Nowadays, all data
is available digitally, either directly from the website or
on email request (Box 4.3). Online meta-data brows-
ers provide an overview of the location of glaciers with

Central Europe 3785 764| 417[1730|1815|2005|65.1| 35.3| 201.8| 43 1
South America 25500/ 160 49/1830(1888|2005|36.4| 4.1 6.3 11
Northern Asia 59600 24| 11|1833|1895[2005/|55.2| 14.1 0.4 14
Antarctica 77000, 48 7/ 1882 |1883(2004|30.4| 2.8 0.6 1
Central Asia 114800/ 310{ 16/1850|1893|2005|21.5| 4.5 2.7 35
North America | 124000, 221 15/1720| 1885|2005 (36.9| 5.2 1.8 45

NNV O|lw|—|Olw|Oo|O|O
o

available data and corresponding attributes. Table 4.1 in digital form and at no charge. In addition to the review Arctic 275500/ 93| 49(1840|1886|2005|52.4| 30.5 0.3| 34 20(1960 [2005| 12.6/ 0.1
gives an overview of the number of length change and of collected data sets presented here, online meta-data Worldwide 684294(1803| 690| 1720 (1815|2005 |46.7| 20.1 2.6/ 226/ 30| 118/1946/2005| 15.0/ 0.3
mass balance series carried out in 11 macro-regions browsers on the WGMS website provide updated overviews Notes:

(see Fig. 6.0.1). Global maps of available length change
and mass balance data series are given in Figures 4.6
and 4.7, respectively. A temporal overview of the re-
ported fluctuation data is shown in Figure 4.8.

Length change measurements have been reported
to WGMS from 1803 glaciers worldwide, including
a total 36 240 observations. At the global level, the
average measurement series covers a time range of 47
years with 20 observations. Of all the glacier tongues
observed, 85 per cent are located on the northern
hemisphere and 42 per cent in Central Europe. On
the global average, there are between two and three
glaciers with available length change data per 1 000
km? of glacierised area. Highest observation densities
are found in Central Europe with over 200 series per
1 000 km?, followed by New Zealand (85 series per
1 000 km?), Scandinavia (23 series per 1 000 km?), and
South America (three series per 1 000 km?). The other
macro-regions do have less dense observation networks
with fewer than three series per 1 000 km?2. The virtual
high observation densities in Africa and New Guinea are
due to the minimal ice area in these regions. Earliest
field observations of glacier length changes started in
the late 19th century and often extended with measured
distances from the glacier termini to the LIA moraines.
The best temporal observation coverage is again found

of the available information.

in Central Europe with an average time range of 65
years and a mean of 35 observations per data series,
and in Scandinavia with 53 years and 30 observations.
The length change data from the Arctic amount also
to a mean of over 30 observations per series, which is
mainly thanks to the long-term programmes reported
from Iceland, whereas the corresponding numbers from

Fig. 4.5 Screenshot of meta-data file in GoogleEarth. Meta-data
file with information about available glacier fluctuation data
displayed in Google Earth application.

Table 4.1 Global and regional overview of the distribution of
glaciers and ice caps as well as of reported length change and
mass balance observation series. Source: Macroregions and ice
cover areas (in sq km) after Dyurgerov and Meier (2005); infor-
mation on glacier fluctuations from WGMS.

NoSer: number of series; NoSer21th: number of series with last survey after 1999; FirstRY: first reference year; FirstSY: first survey year; LastSY: last
survey year; AVTR: average time range per series; AvNoObs: average number of observations per series; SerDens: number of series per 1 000 square
kilometre; NoRefSer: number of ‘reference’ mass balance series with continuous measurements since 1976.

the Canadian Arctic and Greenland are much lower. The
24 series from Northern Asia on average comprise 14
measurements. The temporal observation density is
rather limited in other macro-regions with an average of
six or fewer observations per series. A striking feature is
the breakdown of the field monitoring network towards
the end of the 20th century in North America as well as
in Central Asia. A general cause for this interruption is
not easy to provide, as each glacier observation series
has its own history and is often strongly linked to the
activity and situation of its investigators. However, the
dissolution of the former Soviet Union might at least
partly explain the situation in Asia. In North America the
reasons are rather to be found in budget cuts, retirement
of dedicated investigators and maybe in the belief that
remote sensing can replace the field measurements.

Initial surface mass balance measurements at individual
stakes were already carried out on a few glaciers around
the beginning of the 20th century, e.g., on Rhone
(1885), Clariden (1912), Silvretta (1915) and Aletsch
(1921) in Switzerland (Huss et al. 2008). Most of these
series have some lengthy data gaps, with the exception
of the continuous measurement series at two stakes
in the accumulation area of Claridenfirn (Miiller and
Kappenberger 1991, Ohmura et al. 2007). Mass balance
measurements on entire glaciers have been carried
out since after the Second World War, with first data

available from Scandinavia (Storglacidren, SE) in 1946,
Plattalva (CH) and Limmern (CH) in 1948, Storbreen
(NO) and Sarennes (FR) in 1949, South Cascade (US),
Hintereis (AT), Kesselwand (AT) and Lemon Creek (US) in
1953, and others following later. For the period 1946-
2005 there are 3 383 annual mass balance results from
226 glaciers available through the WGMS. The highest
observation density is once more found in Scandinavia
and Central Europe with 13 and 11 observation series
per 1 000 km?, respectively, and a total of 39 and 43
glaciers under observation. North America has the
most reported series (45) overall. In Central Asia and
the Arctic, mass balance programmes were carried
out on 36 and 35 glaciers, respectively. Mass balance
observations from South America have been available
since 1976 with recent data reported from nine glaciers.
Globally, there is an average of 15 observation years per
data series, with 39 glaciers having more than 30 years
of measurements. From the 226 available data series,
118 provide information from the 21st century, and
there are only 30 ‘reference’ glaciers with continuous
measurements since 1976. Additional information
related to mass balance data, such as seasonal balances,
equilibrium line altitudes and accumulation area ratio
are also available for many of these.
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Fig. 4.7 Worldwide mass balance measurements

Fig. 4.6 Worldwide length change observations. The map shows
the location of glaciers with reported information on length
changes. Data series with surveys after 1999 are plotted as red
and orange circles when having more or equal and less than 30
observations, respectively. The locations of observation series
which were discontinued before 2000 are shown as black crosses.
Data source: glacier information from WGMS; country outlines and
surface ice on land cover from ESRI’s Digital Chart of the World.

Fig. 4.7 Worldwide mass balance measurements. The map shows
the location of ice bodies with reported measurements of the gla-
cier mass balance. Data series with surveys after 1999 are plotted
as red and orange squares when having more or equal and less
than 30 observation years, respectively. The locations of observa-
tion series discontinued before 2000 are shown as black crosses.
Data source: glacier information from WGMS; country outlines and
surface ice on land cover from ESRI’s Digital Chart of the World.
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Fig. 4.8 Length change and mass balance surveys - Temporal overview on the number of reported length change (light
brown bars) and mass balance surveys (dark blue bars). Note that the scaling of the number of observations on the y-axis changes
between the regions. The total number of length change (FV) and mass balance (MB) series are listed below the name of the region.
Source: Data from WGMS.
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5 Global glacier changes

The moraines from the Little Ice Age mark maximum Holocene glacier extents in many
mountain ranges. From these positions, glaciers around the world show a centennial
trend of ice wastage which has been accelerating since the mid 1980s. On a decadal time
scale, glaciers in various regions have shown intermittent re-advances.

At the peak of the last ice age about 21 000 years ago,
about one-third of the land on earth was covered by
ice (Paterson 1994, Benn and Evans 1998). Glacier
fluctuations can be reconstructed back to that time using
a variety of scientific methods. General warming during
the transition from the Late Glacial period (between the
Late Glacial Maximum and about 10 000 years ago) to
the early Holocene (about 10 000 to 6 000 years ago)
led to a drastic general ice retreat with intermittent
periods of re-advances (Maisch et al. 2000, Solomina
et al. 2008). About 11 000 to 10 000 years ago, the
pronounced warming reduced the glaciers in most
mountain ranges to extents comparable with conditions
at the end of the 20th century (Grove 2004). Northern
Europe and western North America were still influenced
by the remnants of the great ice sheets and the major
retreat was delayed until about 6 000 to 4 000 years ago
(Solomina et al. 2008). During the Holocene (the past
10 000 years) there were periods of glacier advances
on a centennial time scale, peaking in the late Holocene
in the Northern Hemisphere and in the early Holocene
in the Southern Hemisphere (Koch and Clague 2006).
Glaciers in the tropics were rather small or even absent
in the early to mid Holocene and gradually re-advanced
from about 4 000 years ago (Abbott et al. 2003). Also in
Scandinavia, glaciers seem to have largely disappeared
during that time (Nesje et al. 2008). The moraines that
were formed during the LIA (early 14th to mid 19th
century) mark a Holocene maximum extent of glaciers
in many regions of the world (Grove 2004, Solomina et
al. 2007). However, the timing of these last maximum
states is not really synchronous around the globe, but
extends from the 17th to the second half of the 19th
century. A detailed review of LIA glacier maximum
extents around the globe is provided by Grove (2004).

Length change measurements have been available since
the late 19th century (Fig. 5.1). These observations show
a general glacier recession from the positions of the LIA
moraines worldwide. The overall retreat of the glacier
termini is commonly measured in kilometres for larger
glaciers, and hundreds of metres for smaller glaciers
(Hoelzle et al. 2003). Within this general trend, strong

glacier retreat was observed in the 1920s and 1940s,
followed by stable or advancing conditions around the
1970s, and again drastic glacier retreats after the mid
1980s. On shorter timescales, deviations from these
global trends are found in many regions. Looking at the
individual data series, one finds a high variability in gla-
cier fluctuations. Large, flat valley glaciers with centen-
nial response times are too long to react dynamically
to decadal mass variations, but exhibit a continuous
retreat from their LIA moraines, while medium-sized
steeper glaciers reacted with re-advances to intermit-
tent wetter and cooler periods. Small cirque glaciers are
able to react in a much more direct manner to annual
mass changes. Their length changes exhibit a high in-
terannual variability. Surge-type glaciers (Box 5.1) have
extreme advances on the short term, followed by a rap-
id decay of the glacier tongue after the event (Kamb et
al. 1985, Kamb 1987). The length change of glaciers
calving into a lake or into the sea (Box 5.2) is strongly
controlled by the relation between ice velocity and calv-
ing rates, as influenced primarily by water depth (Benn
et al. 2007). Once they lose contact with their end mo-
raines, such glaciers have to retreat into shallow waters
or onto land before being able to advance again on a
new frontal moraine. Heavy debris cover acts as an in-
sulator of the glacier ice which, hence, becomes decou-
pled from climatic changes (Box 5.3). Glaciers in contact
with lakes (Box 5.4) or volcanoes (Box 5.5) can feature
peculiar behaviours, and be hazardous in populated ar-
eas. From the large variety of glacier types and their
different sensitivities and reactions to climatic changes
it becomes evident that the signal derived from a set of
length change series depends strongly on the chosen
observation sites. Climate related analysis will have to
select the data series of glaciers not influenced by thick
debris cover, calving or surge instabilities. Furthermore
such studies have to consider the whole spectrum of
glacier response characteristics in order to obtain opti-
mal information on secular, decadal and annual devel-
opments and its causes (Box 5.6).

Mass balance measurements on entire glaciers have
been available for the past six decades. Glacier mass
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Fig. 5.1 Glacier length changes - Temporal overview on short-term glacier length changes. The number of advancing (blue) and
retreating (red) glaciers are plotted as stacked columns in the corresponding survey year. This figure shows 30 420 length change observations
with a time range of less than 4 years (between survey and reference year). This corresponds to almost 85 per cent of the reported data which
in addition include observations covering a longer time scale and/or stationary conditions. The time period of glacier LIA maximum extents is
given according to the regional information in Chapter 6. Note that the scaling of the number of glaciers on the y-axis changes between the
regions. Source: figure based on data analysis by R. Prinz, University of Innsbruck, Austria; data from WGMS.
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Box 5.1 Surging glaciers

Glacier surges are short-term, often periodic, events where
a glacier suddenly begins to flow with velocities up to 100
times faster than normal and substantially advances ex-
pressed in kilometres per month (Benn and Evans 1998).
Typically, the surge starts in the upper part and propagates
in a wave down the glacier. The basal motion seems to be
restricted to a thin layer at the ice/bed interface. During and
after the surge, the glacier surface is characterised by deep
crevasses and jagged pinnacles. Most of the glaciers indi-
cating surge behaviour are found in Svalbard, Arctic Islands
and Alaska, but some have also been reported from Patago-
nia and Central Asia. The mechanisms of glacier surges are
widely discussed and still not understood completely. In any
case, the drainage system underneath and within the glacier
seems to play a key role in surge cycles. Lingle and Fatland
(2003) investigated temperate glacier surges and suggest
that the fundamental driving force is englacial storage of
water, combined with gravity-driven movement of stored
water to the bed. When crossing a certain threshold, the
drainage system collapses and forces failure of the subgla-
cial till - or, alternatively, widespread and rapid basal sliding
- and thus initiates the surge (Lingle and Fatland 2003).

4 -
Fig 5.2 Variegated Glacier

Box 5.2. Calving glaciers

Calving glaciers typically terminate into a lake or the ocean,
and in the latter case are also known as tidewater glaciers.
Calving occurs when pieces of glacier ice break off and fall into
the water. Calving is the most efficient way for these glaciers
to lose ice. For the world’s oceans, the gain of water by melt-
ing of icebergs plays an important role (Van der Veen 1996).
Most of the tidewater glaciers are found in high latitudes such
as on Svalbard, in Alaska, on the Arctic- and Antarctic Islands.
In Patagonia or New Zealand many glaciers calve into lakes. In
Alaska a few large calving glaciers are currently in the proc-
ess of increasing in volume and advance, in strong contrast
to the majority of glaciers in that region (Molnia 2007). Hub-
bard Glacier, at the head of Disenchantment Bay near Yakutat,
is one of these advancing glaciers and is the largest calving
glacier on the North American continent. Its advance began
shortly before 1895 and has periodically been newsworthy,
for example, when it blocked the entrance to Russell Fiord,
creating a 60 km long glacier-dammed lake, once in 1986 and
again in 2002 (Trabant et al. 2002). The accumulation area of
Hubbard Glacier is 95 per cent of the entire glacier area and,
like the other advancing glaciers, is far from being in equi-
librium with climate on the positive mass balance side. The
sometimes catastrophic retreat of calving glaciers after losing
contact with their frontal moraine and the related production
of huge icebergs can threaten nearby ship passages, as in the
case of Columbia Glacier in the Chugach Mountains of Alaska
(Molnia 2007). While fluctuations of land-based glaciers are
generally driven by climate forcing, the behaviour of calving
glaciers is often dominated by the calving processes where
water depth plays an important role.

Box 5.3 Debris-covered glaciers

Debris-covered glaciers occur in every mountain chain with
ice-free steep slopes, but are particularly common in the
Himalaya, Alaska and New Zealand. In general, the debris
appears on the glacier surface below the equilibrium line
by medial moraines converging downglacier and forming a
continuous debris cover, or by rock falls from the surround-
ing slopes. A general increase in debris cover over time was
observed in Central Asia by several studies (e.g. Ageta et
al. 2000, Shroder et al. 2006). The debris cover partially or
completely masks the ablation zone of a glacier and there-
fore significantly influences the energy balance. It also par-
tially controls the ablation rate and the discharge of melt
water (Nakawo et al. 2000). When melting, the glaciers waste
down or back where they have clean ice, while changes in the
debris-covered part are significantly smaller. Therefore, the
behaviour of heavily debris-covered glaciers - such as Imja
Glacier in the Himalaya or Tasman Glacier in New Zealand -
are limited in terms of their use as climatic indicators.

Box 5.4 Lake formation and glacier lake
outburst floods

Lakes can form underneath (subglacial-), within (englacial-),
on top of (supraglacial-) or in front of (proglacial) a glacier.
The lake formation process can occur permanently, period-
icly or infrequently. Their formation and also their draining
are in most cases controlled by changes in the glacial drain-
age system (Benn and Evans, 1998). Thus, lake drainage
occurs slowly or in a catastrophic manner when a certain
threshold is crossed. Other processes such as earthquakes,
subglacial volcanic eruptions and rock avalanches or debris
flows reaching the lake may cause breaching of ice or mo-
raine dams and lead to sudden glacier lake outburst floods
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Box 5.5 Glaciers and Volcanoes

Active volcanoes are typically associated with the boundaries
of tectonic plates and often reach sufficient heights to sus-
tain the occurrence of glaciers, even in tropical climates. The
concurrence of glaciers and volcanoes occurs noticeably in
South America (e.g., Nevado del Ruiz), in Mexico (e.g., Popoc-
atépetl), in North America (e.g., Mt. St. Helens) and in Ice-
land (e.g., Hofsjgkull). Geothermal activity beneath a glacier
can strongly enhance the glacier motion, as investigated on
Vatnajekull ice cap in Iceland (Bjornsson et al. 2001). More
intense processes like volcanic eruptions or pyroclastic flows
directly influence the glacier by melting of the ice. The melt-
water can trigger catastrophic floods or lahars when incor-
porating ice and debris from the volcano’s flanks. Such an
event occurred on Nevado del Ruiz Volcano in Colombia in
1985, where pyroclastic flows caused surface melting of 10
per cent of the ice cap, leading to floods and lahars which
claimed at least 25 000 lives (Naranjo et al. 1986). For this
reason, glacier-covered volcanoes pose a very serious poten-
tial hazard in populated areas (Huggel et al. 2007).

(Kaab et al. 2006). Parallel to the worldwide glacier retreat,  the Himalaya) (Reynolds 2000). Therefore, the number of

change is a direct, undelayed reaction to atmospheric numerous glacier lakes have been forming at a rapid rate -  hazardous glaciers, where outburst floods endangers human
conditions. The specific mass balance can be compared especially on the surface of debris-covered glaciers (e.g. in life and resources, is rising.
directly between different glaciers. This makes it easier ¥ y ]

to establish a link to climate data, as compared to
length changes. However, the limited number of long-
term observations - only 30 ‘reference’ glaciers have
continuous data series since 1976 - renders global
analysis much more complicated. As a consequence
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Fig. 5.3 Perito Moreno

Fig. 5.2 Variegated Glacier, Alaska, during a surge (photograph  of the lakes have increased in area between 1990 and 2001, either due
taken in 1983). Source: J. Alean, SwissEduc (www.swisseduc.ch)  to retreat of the calving front, or from growing and connecting supra-
/ Glaciers online (www.glaciers-online.net). and pro-glacial ponds. On October 7, 1994, the lake to the right of the
Fig. 5.3 Perito Moreno, Argentina, is a prime example of a calv-  images, Lugge Tsho, burst out and caused a major flood (see deposits
ing glacier (photograph taken in December 2005). Source: ). inthe valley (circle)). Source: A. Kaéb, University of Oslo, Norway.
Notzli, University of Zurich, Switzerland. Fig. 5.5 High angle view of Mount St. Helens’ crater, USA, with
Fig. 5.4 a—b Luana, Bhutan Himalayas (17 x 13 km). Details froma  new dome and glacier (photograph taken on September 21,
Landsat image of 1990 (left) and an ASTER image of 2001 (right). Most ~ 2005). Source: J. Ewert, J. Vallance, US Geological Survey.
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Box 5.6 Causes of global glacier changes

The reasons for the cyclical nature of the ice ages, so-called Milankovitch cycles, with dominant periods of 23 000, 41 000,
100 000 and 400 000 years (Milankovitch 1930), are mainly to be found in the variation of the earth rotational parameters.
Further influences include the variability of solar activity, the latitudinal position of the earth’s continents, the chemical compo-
sition of the atmosphere, the internal dynamics of the climate system, as well as volcanic eruptions and impacts of meteorites
of extreme dimensions (Imbrie and Imbrie 1979, Ruddiman 2000). The overall glacier retreat after the Last Glacial Maximum
and extending to the early Holocene is very much in line with the global warming (Solomina et al. 2008). The major glacier re-
advances around 8 200 years ago were related possibly to a change in the thermohaline circulation of the ocean in the North
Atlantic and North Pacific, and a subsequent cooling, due to the outburst of the Lake Agassiz on the North American continent
(Solomina et al. 2008). By contrast, the gradual re-advance of tropical glaciers from their small extents, or even absence, in the
early to mid Holocene was probably a result of increasing humidity (Abbott et al. 2003). The periods of simultaneous glacier
advances around the world, peaking in the late Holocene in the Northern Hemisphere and in the early Holocene in the Southern
Hemisphere, as well as the glacier maximum extents towards the end of the LIA are attributed to changes in solar irradiance,
in dependence on the sun’s activity and the earth’s orbit, and also to the effects of volcanic eruption, internal dynamics of the
climate system (Grove 2004, Solanki et al. 2004, Koch and Clague 2006) and possible initial large-scale anthropogenic changes
in land use (Ruddiman 2003).

The overall shrinking of glaciers and ice caps since their LIA maximum extents is well correlated with the increase in global
mean air temperature of about 0.75 °C since the mid 19th century, which is most likely man-induced since the second half
of the 20th century (IPCC 2007). On decadal or regional scales, changes in snow accumulation may have dominated glacier
response in maritime climates (IPCC 2007). As such, the onset of the post LIA retreat and the later periods of intermittent re-
advances in the European Alps are attributed to changes in winter precipitation rather than temperature (Vincent et al. 2005,
Zemp et al. 2007b). Increased precipitation is also seen as the main reason for the glacier advances in the early 18th century
and the 1990s in Norway (Andreassen et al. 2005), in the 1990s in New Zealand (Chinn et al. 2005), and for the 20th century
advances and/or thickening of some glaciers in central Karakoram (Hewitt 2005). Such glacier changes are striking features in
photo comparisons as shown in Figures 0.1, 5.6, 5.7 and 7.1.

The period in which glaciers were close to steady state or even advancing, which occurred worldwide around the 1970s, might
be explained, at least in part by diminished incoming solar radiation due to the increase of atmospheric pollution after the mid
20th century (Wild et al. 2007). Recent studies have shown that the atmosphere cleared up again in the mid 1980s, probably as
a result of the implementation of industrial filters and the breakdown of industry in the former Soviet Union, which increased
the amount of incoming solar radiation and, as such, of glacier melting (Ohmura 2006, Padma Kumari et al. 2007). Analyses
of mass balance data have shown a moderate increase in mean winter accumulation and a substantially increased low-altitude
summer melting (Ohmura 2004, Dyurgerov and Meier 2005, Greene 2005). This is consistent with the observed increase in
the mass turnover rate which is derived from field measurements in the Northen Hemisphere (Dyurgerov and Dwyer 2000) and
remote sensing studies in Alaska (Arendt et al. 2002), the Canadian Arctic Archipelago (Abdalati et al. 2004) and Patagonia
(Rignot et al. 2003).

In addition to climate changes on the global level, altered atmospheric circulation patterns can have a great impact on the
glacier behaviour of entire mountain ranges. Examples are the accelerated glacier retreat in continental USA and southwest
Canada which are attributed to a shift in atmospheric circulation in approximately 1976/77 (Bitz et al. 1999, McCabe et al.
2000), the mass balance variations of glaciers in the tropical Andes which are strongly influenced by the El Nifio-Southern
Oscillation (ENSO; Wagnon et al. 2001, Francou et al. 2004, Sicart et al. 2005), and the North Atlantic Oscillation that has an
effect on glaciers in the European Alps and Scandinavia (Schoner et al. 2000, Nesje et al. 2000).

Fig. 5.6a 1989

Fig. 5.7.b Peyto Glacier, 2

there are three main approaches to calculating global
average mass balances which are independent of climate,
hydrology or climate indicator data. These are by (i)
using the (arithmetic) mean value of the few continuous
measurement series, (ii) averaging the moving sample
of all available data series, and (iii) using regionally
weighted samples (cf. Kaser et al. 2006). However,
when cumulated over the past six decades, the results
of these approaches are consistent. The global averages
(i, ii, iii) reveal strong ice losses in the first decade after
the start of the measurements in 1946, slowing down in
the second decade (1956-65), followed by a moderate
mass loss between 1966 and 1985, and a subsequent
acceleration of ice loss until present (Fig. 5.8 a—f). The
mean of the 30 continuous ‘reference’ series yields an
annual mass loss of 0.58 m water equivalent (m w.e.)
for the decade 1996-2005, which is more than twice
the loss rate of the previous decade (1986-95: 0.25 m
w.e.), and over four times the rate for the period 1976-
85 (0.14 m w.e.).

Overall, the cumulative average ice loss over the past
six decades exceeds 20 m w.e. (Fig. 5.9), which is a
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dramatic ice wasting when compared to the global
average ice thickness, which is estimated (by dividing
estimated volume by area) to be between 100 m (IPCC
2007) and about 180 m (Ohmura, personal comm.).
The average ice loss over that period of about 0.35
m w.e. per year exceeds the loss rates reconstructed
from worldwide cumulative length changes for the
time since the LIA (see Hoelzle et al. 2003) and is of
the same order of magnitude as characteristic long-
term mass changes during the past 2 000 years in the
Alps (Haeberli and Holzhauser 2003). Based on the
mass balance measurements, the annual contribution
of glaciers and ice caps to the sea level rise is to be
estimated at one-third of a millimetre between 1961
and 1990, with a doubling of this rate in the period
from 1991 to 2004 (Kaser et al. 2006), and passing
the one millimetre per year limit for the period 2000
to 2006. However, these values are to be considered
first order estimates due to the rather small number of
mass balance observations and their probably limited
representativeness for the entire surface ice on land,
outside the continental ice sheets. The vast ice loss
over the past decades has already led to the splitting or
disintegration of many glaciers within the observation
network, e.g., Lower Curtis and Columbia 2057 (US),
Chacaltaya (BO), Careser (IT), Lewis (KE), Urumgihe (CN),
and presents one of the major challenges for glacier
monitoring in the 21st century (Paul et al. 2007). The
massive downwasting of many glaciers over the past two
decades, rather than dynamic retreat, has decoupled
the glaciers horizontal extent (i.e. length, area) from
current climate, so that glacier length or area change
has definitely become a diminished climate indicator of
non-linear behaviour. Under the present climate change
scenarios (IPCC 2007), the ongoing trend of global
and rapid, if not accelerating, glacier shrinkage on the
century time scale is of non-periodic nature and may
lead to the deglaciation of large parts of many mountain
ranges in the coming decades (e.g., Zemp et al. 2006,
Nesje et al. 2008).

For a temperate glacier, a step-change in climatic condi-
tions would cause an initial mass balance change fol-
lowed by a return to zero values, due to the glacier’s
adaptation of its size (surface area) to the new climate

Fig. 5.6 a—d Advance and retreat of Briksdalsbreen, an out-
let glacier of Jostedalsbreen, Norway, in a photo series of the
years 1989, 1995, 2001 and 2007. Source: S. Winkler, Univer-
sity of Wiirzburg, Germany.

Fig. 5.7 a—b Retreat of Peyto Glacier, Canadian Rockies, be-
tween 1966 and 2001. Source: W.E.S. Henoch and M.N. De-
muth, Canada.
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Fig. 5.8 Spatio-temporal overview on glacier mass changes
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(Johannesson et al. 1989). The observed trend of in-
creasingly negative mass balance over reducing glacier

surface areas thus leaves no doubt about the ongoing
climatic forcing resulting from the change in climate
and possible enhancement mechanisms such as mass
balance / altitude feedback, altered turbulent and long-
wave radiation fluxes due to the size and existence of
rock outcrops or changes in the surface albedo (Paul et
al. 2007). The specific mass balance data can be directly
compared between different glaciers of any size and el-
evation range. The data series provide a combined hy-
drological and climatic signal. Runoff can be calculated
by multiplying the specific mass balance with the cor-
responding glacier area, whereas a climatic interpreta-
tion needs to consider the geometric changes. In order
to derive a real climate signal, it is required to relate
the mass changes to a reference extent of the glacier
(Elsberg et al. 2001, WGMS 2007 and earlier issues).

The numerous length change series together with
the positions of moraines from the LIA provide a
good qualitative overview on the global and regional
glacier changes; while the mass balance series provide
quantitative measures of the ice loss since the late
1940s. However, the about 230 glacier mass balance
series are less representative for the changes in the
global ice cover. Many regions with large ice cover are
strongly underrepresented in the data set or are even
lacking in observations. Data from south of 30° N has
only been reported since 1976. As a consequence, the
field measurements with a high temporal resolution but
limited in spatial coverage should be complemented
by remotely-sensed decadal area and volume change
assessmentin order to obtain a representative view of the
climate change impact on the glacierisation. Examples
for such integrative analysis for entire mountain ranges
are given by Molnia (2007) for Alaska, by Casassa et al.
(2007) on the Andean glaciers, by Kaser and Osmaston
(2002) for tropical glaciers, by Andreassen et al. (2005)
for Norway, by Zemp et al. (2007b) for the European
Alps, by Kotlyakov et al. (2006) for Russia, and by Chinn
(2001) and Hoelzle et al. (2007) for New Zealand, as
well as by Hoelzle et al. (2003), Grove (2004), Zemp
et al. (2007a) and USGS (in prep.) for a global overview.

Fig. 5.8 a—f Spatio-temporal overview on glacier mass changes.
The average annual mass balance for nine sectors of the globe are
shown for the decades (a) 1946-55, (b) 1956-65, (c) 1966-75, (d)
1976-85, (e) 1986-95, and (f) 1996-2005. Sectors with measure-
ments are coloured according to the mean annual specific mass
balance in metre w.e. with positive balances in blue, ice losses up
to 0.25 m w.e. in orange and above that in red; sectors without
data in grey. Average decadal mass balance values based on less

than 100 observations (marked in italics) are less representative
for the entire sector. For each decade, the global mean (gm) annual
mass balance in m w.e. and the number of observations (no) are
indicated. Source: Data from WGMS.

Fig. 5.9 The cumulative specific mass balance curves are shown for
the mean of all glaciers and 30 ‘reference’ glaciers with (almost)
continuous series since 1976. Source: Data from WGMS.
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6 Regional glacier changes

The following sections provide an overview on the gla-
cier changes after the Little Ice Age (LIA) in eleven gla-
cierised macroregions (Fig. 6.0.1). Sections 6.1-6.11
are ordered according to the extent of the glacier cover
in the macroregions (see Table 4.1). A classification
of the world’s glaciers and ice caps into geographical
macroregions is based on the purpose of the particular
investigation as well as on the spatial resolution of the
data set and, hence, is somewhat arbitrary. The region-
al attributions, names and ice cover information used
in this publication are based on Dyurgerov and Meier
(2005). Each section includes a brief statistic of the
glacier fluctuation data as reported to the WGMS. The
sections summarise the characteristics of the mountain
ranges and its ice covers, followed by a brief discussion
of the available fluctuation series, the timing of the LIA
maximum extents and the subsequent regional glacier
changes based on the available field series and some
key publications. Selected long-term length change and
mass balance series are plotted as cumulative graphs.
A complete overview of the data series reported to, and

AMERICA

SOUTH
«, AMERICA

- glaciers, ice caps

and ice sheets

available from, the WGMS as well as a list of the National
Correspondents are given in the Appendix. Detailed in-
formation on the Principal Investigators and Sponsoring
Agencies of the reported data is published in the Fluc-
tuations of Glaciers series (WGMS 2008, and earlier vol-
umes). In order to provide an impression of the glacier
characteristics, false-colour satellite images from AS-
TER, including close-up to interesting glaciological fea-
tures, as well as terrestrial, oblique aerial photographs
are shown for each region.

Figure 6.0.1 gives an overview of the distribution of the
global ice cover and indicates the location of the eleven
macroregions. Figure 6.0.2 a—f details the available
fluctuation series (WGMS glacier data) and those pre-
sented in the following regional sections 6.1 to 6.11.
Note that the two-digit country code assigned to the
glaciers in the following sections and the appendix ta-
ble is given according to the information submitted to
the WGMS and as such might not correspond to present
political territories.

e
GUINEA

NEW Q
ZEALAND

Fig. 6.0.1 The selected eleven glacierised macroregions.

Details on the mountain ranges, its glacier covers and changes are presented in detail in the sections 6.1 - 6.11. Source: glacier

outlines from ESRI’s Digital Chart of the World (DCW).
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6.1 New Guinea

The few glaciers of Papua (formerly Irian Jaya, Indonesia) and Papua New
Guinea are located on the peaks of the great Cordillera of the island of New
Guinea. Direct observations are sparse, but historical documents, aerial photo-
graphs and satellite images offer insight into the historical glacier changes.
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The only tropical glaciers of Asia are
located on the mountains of New Guinea.
In the 20th century glaciers were found on
Puncak Mandala (Juliana 4 640 m asl), Ngga
Pilimsit (Idenburg 4 717 m asl) and Puncak
Jaya (Carstenz 5 030 m asl), three peaks in
Papua, Indonesia, located in the western part
of the great Cordillera of New Guinea (Grove
2004). A small ice cap existed on Puncak
Trikora (Wilhelmina 4 730 m asl) in Papua
New Guinea (Grove 2004). The LIA maximum
extent was reached in the mid 19th century
(Allison and Peterson 1976).

Regular series of direct measurements
of front variation or mass balance are not
available. The glacier changes have been

Fig. 6.1.1 Punca Jaya

traced from information on glacier extents
derived from historical records, dated cairns
erected during several expeditions, aerial
photographs, satellite images as well as
from some in-situ measurements carried
out during Australian expeditions in the
1970s (Allison and Peterson, 1989). Most
observations focused on the glaciers on
Puncak Jaya, namely the North Wall Firn;
two valley glaciers, Meren and Carstenz;
and the Southwall Hanging Glacier. All have
undergone extensive retreat since the LIA
maximum extent (Peterson et al. 1973)
reducing the entire Puncak Jaya ice cover
from almost 20 km? around 1850 to less
than 3 km2in 2002, with highest retreat rates
around 1940 and in the early 1970s (Klein
and Kincaid 2006). All ice masses except
some on Puncak Jaya have now disappeared.
The isolated ice caps vanished from Puncak
Trikora between 1939 and 1962; from Ngga
Pilimsit between 1983 and 2003 (Klein and
Kincaid, 2006); and from Puncak Mandala
between 1989 and 2003 (Klein and Kincaid,
2008). The larger Meren Glacier on Puncak
Jaya melted away between 1992 and 2000
(Klein and Kincaid, 2006).

Fig. 6.1.1 Oblique aerial photograph looking east at Northwall Firn, Meren
Glacier and Carstensz Glacier (left to right) on Puncak Jaya. Source: Photo-
graph of 1936 by J.J. Dozy, provided by the United States Geological Survey
(Allison and Peterson 1989).

Ice covered area (km?): 3
Front variation

number of series: 3
average number of observations: 5
average time length (years): 46
Mass balance

number of series: 0
average number of observations: 0

6.2 Africa

The few tropical ice bodies in East Africa are located on Ruwenzori,
Mount Kenya and Kilimanjaro. Their recession since the late 19th cen-

tury has been well documented.
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African glaciers are found near the equator
in East Africa, situated on three mountains:
Ruwenzori (5,109 m asl), Mount Kenya (5 199
m asl) and Kilimanjaro (5 895 m asl), of which
the latter are volcanoes (Grove 2004). The
glaciers are situated in the tropical climate
zone. The processes governing accumulation
and ablation are thus different from mid-lat-
itude or polar climates. The glaciers reached
their LIA maximum extents towards the late
19th century (Hastenrath 2001).

Glaciological studies on Ruwenzori, Mount
Kenya and Kilimanjaro have a long history
and are summarised in Hastenrath (1984,
2005), Kaser and Osmaston (2002), and Cul-
len et al. (2006). Several front variation se-
ries document the glacier changes on Mount
Kenya where also the only African mass
balance measurements were carried out on
Lewis Glacier between 1978 and 1996 (Has-
tenrath 2005).

The ice cover on Ruwenzori has retreated
continuously since the late 19th century,
became strongly fragmented and on some
peaks has completely vanished (Kaser and
Osmaston 2002). The ice bodies on Kiliman-
jaro have shrunk continuously from about
20 km? just before 1880 to about 2.5 km?
in 2003 (Cullen et al. 2006). The plateau gla-
ciers thereby showed a linear retreat, where-
as the glaciers on the slopes of the mountain
had higher loss rates in the first half of the

Fig. 6.2.2 Lewis Glacier

20th century. Front variation measurements
and repeated mapping provide documenta-
tion of the century-long history of glacier
recession on Mount Kenya, with eight (out
of 18) glaciers vanishing in the 20th century
(Hastenrath 2005). The ice volume of Lewis
Glacier decreased from about 7.7 km? in
1978 to about 0.3 km? in 2004 (Hastenrath
and Polzin 2004) with an average thickness
loss of almost one metre ice per year.

Lng. 623 Kilimanjaro
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Fig. 6.2.1.a Mount
Kilimanjaro, 1950

Ice covered area (km?): 6
Front variation

number of series: 14
average number of observations: 6
average time length (years): 71
Mass balance

number of series: 1
average number of observations: 18

Fig. 6.2.1 a—b Mount Kilimanjaro, Tanzania, northern icefield. Source: Upper
photograph taken in the early 1950s by J. West, lower photograph taken in

1999 by J. Jaffer;ji.

Fig. 6.2.2 Lewis Glacier, Mount Kenya, in the mid 1990s. Source: S. Ardito.

Fig. 6.2.3 Mount Kilimanjaro, Tanzania. Space view of the glaciers around the
crater (center) and typical surrounding clouds. Source: ASTER satellite image

(50 x 45 km), 19 August 2004.
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6.3 New Zealand

Most glaciers are situated along the Southern Alps, with a few more on Mount Ruapehu
Volcano on the Northern Island. The country has a long tradition of glacier observation; how-
ever, the majority of the available data series are of qualitative type and start in the 1980s.
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characterised by evidence of the collision
of the Indio-Australian Plate with the Pacific
Plate and the resulting tectonic uplift,
seismic activity and volcanism. Apart from a
few glaciers on Mount Ruapehu Volcano on
the North Island, the majority of glaciers are
located along the Southern Alps spanning
the length of the South Island between
42" and 46° south. Their climatic regime
is characterised by high precipitation with
extreme gradients. Annual average values
amount to 4500 mm on the west side
(Whataroa) of the Alps and maximum values
of up to 15000 mm (Chinn 1979, Griffiths
and McSaveney 1983, Tomlinson and
Sansom 1994). Mount Cook is the highest
peak at 3 754 m asl. Below its flank, the
Tasman Glacier - the largest glacier in New
Zealand - is located. In total, the inventory
of 1978 reported 3 144 glaciers covering an
area of about 1 160 km? with an estimated
total ice volume of about 53 km? at that
time (Chinn 2001). Glacier runoff is used

Fig. 6.3.1 Franz-Josef Glacier

Anderson 2003, Winkler 2004). New Zealand
has a long tradition of glacier observation
going as far back as the 19th century and

kB for irrigation east of the main divide of focusing on glacier front variations. The most
the Southern Island and for hydro-electric comprehensive series is a detailed history of
Thurneyson (N2) power production, which accounts for over frontal positions of the Franz-Josef Glacier
~7 two-thirds of the nation’s total generating with the first survey made in 1893 (Harper
White (\2) outputs. 1894, Anderson and Mackintosh 2006).
The LIA maximum extent of New Zealand’s However, the majority of the data series start
Whymper (NZ)

L
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]
2005

glaciers occurred towards the end of the 18th
century, with only minor retreats until the
end of the 19th century (Gellatly et al. 1988,

Fig. 6.3.1 Oblique aerial photograph showing the west coast of the South
Island with Franz-Josef Glacier and Mount Cook (photograph taken on March
27, 2006). Source: M. Hoelzle, University of Zurich, Switzerland.

Fig. 6.3.2 Brewster Glacier (on left) with almost no accumulation area. The ob-
lique aerial photograph was taken during the end-of-summer snowline survey
on 14 March, 2008. Source: A. Willsman (NIWA), as part of New Zealand Foun-
dation of Research, Science and Technology contract CO1X0701.

in the 1980s and provide qualitative data
only (advance, retreat, stationary). Glacier
extents have been mapped for an inventory

© 006060606 00 06 0 0 0 00
Fig. 6.3.3 Tasman (left) and Murchison (right) Gla-

ciers region. Source: ASTER satellite image (23 x
31 km) and close-ups, 29 April 2000.
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of about 11 per cent has been reported in
a recent study (Chinn pers. comm.). This
mass loss was attributed mainly to the | OI
downwasting of the 12 largest glaciers and 10
the minor contributions from their calving
into lakes, as well as from negative mass

balances of smaller glaciers. . | 301
1945 1965 1985 2005

Fig. 6.3.2 Brewster Glacier -

in 1978 (Chinn 1996), revealing an overall
retreat from the moraines of the LIA extents.
Since 1977 annual end-of-summer snowline
surveys have been carried out by taking
aerial photographs of 50 glaciers (Chinn et
al. 2005). Limited mass balance data are
available from two glaciers only, the Tasman
and Ivory. Most recently a new mass balance
monitoring program has been started with
on-site support by the WGMS on Brewster
Glacier.

Overall, New Zealand’s glaciers lost between
one-quarter (Chinn 1996) and almost half
of their area (Hoelzle et al. 2007) between
the timing of their LIA maximum extents
and the 1970s. After the mid 1980s many
glaciers on the west coast have gained
mass and advanced noticeably. Since the
beginning of the 21st century, the number
of retreating glaciers has increased again. A
net ice volume loss between 1977 and 2005

Fig. 6.3.3a

Fig. 6.3.3¢
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6.4 Scandinavia

The majority of the ice on the Scandinavian Peninsula is located in southern Norway. Some
glaciers and ice caps are also found in northern Norway and the Swedish Kebnekaise moun-
tains. Scandinavia is one of the regions with the most and longest reported observation
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Regions - Scandinavia

Ice covered area (km?): 2 940

Front variation Mass balance

number of series: 65 number of series: 39
average number of observations: 30  average number of observations: 16
average time length (years): 53
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The Scandinavian Peninsula is located between
60" and 71" north. Galdehgpiggen (2469 m
asl) in southern Norway is the highest peak
on the Peninsula, and Kebnekaise (2104 m
asl) is the highest summit in northern Sweden.
Due to the combination of high latitude and
the moisture from the North Atlantic, many
glaciers and ice caps developed, mainly in
Norway, all within 180 km of the west coast
(Grove 2004). The greater part of the ice cover
is concentrated in southern Norway, namely in
Folgefonna, Hardangerjgkulen, Breeheimen,
Jotunheimen, and Jostedalsbreen, which is the
largest ice cap of mainland Europe (@strem et
al. 1988, 1993). In northern Norway there are
the Okstindan and Svartisen ice caps, glaciers
in Lyngen and Skjomen (@strem et al. 1973),
as well as in the adjacent Kebnekaise region
in Sweden (Holmlund and Jansson 2005). The
relevance of glaciers and their changes to the
lives of the Scandinavian people is reflected in
the extensive observation record. Farms and
farmland buried by ice, resettlements and re-
duced taxes due to the Little Ice Age glacier
advances are reported in historical documents
(Grove 2004). In today’s Norway, 15 per cent
of the used runoff comes from glacierised ba-
sins and 98 per cent of the electricity is gener-
ated by hydropower production (Andreassen
et al. 2005).

After having probably disappeared in the ear-
ly/mid Holocene (Nesje et al. 2008), most of
the Scandinavian glaciers and ice caps reached

Fig. 6.4.1 View toward the proglacial lake and the
tongue of Nigardsbreen, Norway, Jostedalsbreen Ice
Cap in the background (photograph taken in July 2005).
Source: I. Roer, University of Zurich, Switzerland.

Fig. 6.4.2 Tarfala research station in the Kebnekaise
region (Sweden), with Isfallsglacidren in the back-
ground (photograph taken in August 2007). Source:
P. Jansson, University of Stockholm, Sweden.

Fig. 6.4.1 Nigardsbreen

their maximum extent in the mid-18th cen-
tury (Grove 2004). Blomsterskardsbreen, the
southern outlet glacier of Folgefonna, is one of
the exceptions, reaching its maximum extent
at the beginning of the 20th century (Grove
2004). Annual front variation measurements
began in Norway and Sweden at the turn to
the 19th century. Several glaciers have been
observed on a regular basis for more than a
century. A total of over 60 Scandinavian front
variation series are available. Storglacidren in
Sweden provides the longest existing mass
balance record for an entire glacier with con-
tinuous seasonal measurements since 1946.
Mass balance measurements in Norway start-
ed at Storbreen (Jotunheimen) in 1949. Over-
all mass balance measurements have been
reported from 39 glaciers, with 8 continuous
series since 1970.

After their enlarged state in the 18th century
and the minor retreat trend with small fron-

Fig. 6.4.3 Svartisen Ice Caps, Norway, with Enga-
breen outlet glacier to the middle left. Source: ASTER
satellite image (35x21 km) and close-ups, 11 August
2006.

Fig. 6.4.2 Kebnekaise region

tal oscillations up until the late 19th century,
Scandinavian glaciers experienced a general
recession during the 20th century with inter-
mittent periods of re-advances around 1910
and 1930, in the second half of the 1970s, and

Fig. 6.4.3a

around 1990; the last advance stopped at the
beginning of the 21st century (Grove 2004,
Andreassen et al. 2005). Local precipitation
variances superimposed on these generally
coherent patterns, cause variations to occur on
individual glaciers. The maritime glaciers (e.g.
Hardangerjokulen, Nigardsbreen, Alfotbreen,
Engabreen) with large annual mass turnover
started to gain mass after the early 1960s,
whereas the more continental glaciers (e.qg.
Storglacidren, Grasubreen, Hellstugubreen,
Storbreen) continued their ice loss. Since 2001
all monitored glaciers have experienced a dis-
tinct mass deficit (Andreassen et al. 2005).
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6.5 Central Europe

Glaciers are found in the European Alps, the Pyrenees, and the Caucasus Mountains. Central Eu-
rope has the greatest number available of length change and mass balance measurements, with
many long-term data series.
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In Central Europe, almost two-thirds of the
perennial surface ice cover is located in the
Alps with Aletsch Glacier as their greatest
valley glacier. The Alps represent the ‘water
tower’ of Europe and form the watershed
of the Mediterranean Sea, the North Sea/
North Atlantic Ocean, and the Black Sea. The
highest peak is Mont Blanc, at 4 808 m asl,
near the Italian-French border. About one-
third of the region’s ice cover is represented
by glaciers in the Caucasus Mountains which
are situated between the Black Sea and the
Caspian Sea. Most glaciers are located in the
northern part known as the Ciscaucasus with
Mount Elbrus (5 642 m asl) considered as the
highest peak in Europe. Some smaller glaciers
are found in the Pyrenees - a mountain range
in southwest Europe. It extends from the
Bay of Biscay to the Mediterranean Sea. The
glaciers are situated in the Maladeta massifin
Spain with the highest peak of the Pyrenees,
Pico d’Aneto (3 404 m asl), and around the
peak Vignemale (3 298 m asl) in France. A
few more perennial ice fields are found e.g.
in the Appennin, Italy, as well as in Slovenia
and Poland. In the densely populated Alps,
glaciers are a unique resource of freshwater
for domestic, agricultural, and industrial
use, an important economic component
of tourism and hydro-electric power
production, but also a source of natural
hazards. One of the largest historical glacier
disasters occurred in 2002 in North Ossetia,
in the Caucasus. An ice-rock avalanche in the

6.5.1 Maladeta Massif

Kazbek region resulting from a slope failure
sheared off almost the entire Kolka Glacier
and devastated the Genaldon valley, causing
the death of about 140 people (Huggel et al.
2005).

In the Alps as well as in the Pyrenees and
in the Caucasus most glaciers reached their
LIA maximum towards mid 19th century
(Gross 1987, Maisch et al. 2000, Grove

Fig. 6.5.2 Mount Elbrus

Fig. 6.5.1 Aerial view toward the Maladeta Massif,
Spain, with Pico d’Aneto (left), Aneto Glacier (center)
as well as Maladeta Glacier (right) from September
2002. Source: M. Arenillas, Ingenieria 75, Spain.

Fig. 6.5.2 Mount Elbrus, seen from the north (pho-
tograph taken in September 2007). Source: A. Kaab,
University of Oslo, Norway.

Fig. 6.5.3 Bernese Alps with Grosser Aletsch Glacier
in the center, Swiss Alps. Source: ASTER satellite im-
age (32 x 44 km) and close-ups, 21 July 2006.

Ice covered area (km?): 3785
Front variation

number of series: 764
average number of observations: 35
average time length (years): 65

Regions - Central Europe

Mass balance
number of series: 43
average number of observations: 20
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2004). Annual observations of glacier front
variations started in the second half of the
19th century in Austria, Switzerland, France
and ltaly resulting in more than 680 data
series, distributed over the entire Alpine
mountain range. There are over 40 front
variation series available for the Caucasus,
mostly starting in the 2nd half of the 20th
century and a few going back to the 1930s.
There are two glaciers in the Pyrenees with
length change data, one starting in the 1980s
and a second one covering the 20th century,
though with a few observation points. Mass
balance measurements started in 1949 in
the Alps, in 1968 in the Caucasus, and in
1992 on Maladeta Glacier in the Pyrenees.
Overall mass balance data is available for
43 glaciers, with 10 continuous series since
1968.

The front variations show a general trend of
glacier retreat over the past 150 years with
intermittent Alpine glacier re-advances in
the 1890s, 1920s, and 1970-1980s (Patzelt
1985, Pelfini and Smiraglia 1988, Zemp
et al. 2007b). The Alpine glacier cover is
estimated to have diminished by about 35
per cent from 1850 to the 1970s and another
22 per cent by 2000 (Paul et al. 2004, Zemp
et al. 2007b). Mass balance measurements
show an accelerated ice loss after 1980
(Vincent 2002, Huss et al. 2008) culminating
in an annual loss of 5 to 10 per cent of the
remaining ice volume in the extraordinarily

warm year of 2003 (Zemp et al. 2005). In
the Caucasus, glacier retreat since the end
of the LIA is also widespread, with a certain
amount of mass gain in the late 1980s and
the early years of the 21st century. The recent
retreat was associated with an increase in
debris cover and glacier lake development
(Stokes et al. 2007). Since the first half of
the 19th century, about two-thirds of the ice
cover was lost in the Pyrenees with a marked
glacier shrinking after 1980 (Chueca et al.
2005).
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6.6 South America

Glaciers are widespread along the Andes from the tropical ice bodies in the north to the
Patagonian Icefields and the Tierra del Fuego in the south. The available fluctuation se-
ries cover the time period since the 1960s.
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The Andes, stretching over 7 000 km, is the
world’s longest continental mountain range
and a distinct feature of South America,
forming a continuous chain of mountains
in a north-south direction along the entire
west coast. In the north-central portion of
South America the Andes are divided into
several ridges which span some hundred km
in width, whereas to the south the Andes
form a narrower and more concentrated
chain. The highest peak is the Aconcagua
(6962 m asl), situated in Argentina close
to the border with Chile. The climate of the
Andes varies greatly depending on latitude,
altitude and proximity to the sea. This is
found for example in the snowline altitude,
whichis at4 500 -4 800 m asl in the tropical
Andes of Ecuador, Colombia, Venezuela, and
northern Peru, rises to 5 000-6 500 m asl in
the Atacama desert (northern Chile), then
descends to 4 500 m asl on Aconcagua at
32°S,2 000 maslat 40° S, 650-1 000 m asl
at 50° S, and only 300 m asl at 55° S (Troll
1973).

Approximate glacier areas for tropical South
America are: 1.8 km? for Venezuela, 87 km?
for Colombia, 90 km? for Ecuador, 1 780 km?
for Peru and 534 km? for Bolivia (Kaser and
Osmaston 2002). By far the largest ice cover
at about 23 000 km? is found in Chile and
Argentina, with more than 85 per cent located
in the Northern and Southern Patagonian
Icefields and in the Cordillera Darwin Icefield

Fig. 6.6.1 Glacierised volcanoes in Colombia. The
view to the north shows the active volcanos Ne-
vado del Tolima (foreground) and Nevado del Ruiz
(background, right) as well as the the inactive San-
ta Isabel (background, center). The photograph
was taken in 2002. Source: J. Ramirez Cadena,
INGEOMINAS, Colombia.

in Tierra del Fuego (Naruse 2006). Glaciers
in South America are critically important as a
water resource for domestic, agricultural and
industrial uses, particularly in equatorial,
tropical and subtropical latitudes (Casassa
et al. 2007). Andean glaciers also pose a
natural hazard, for example, in the form of
lahars related to volcanic eruptions, rock/ice
avalanches, debris flows and glacier floods
related to gravity, climatic processes and ice
dynamics (Casassa et al. 2007).

In the southern Andes, most glaciers reached
their LIA maximum between the late 17th
and early 19th centuries (Villalba 1994). The
Peruvian glaciers were in advanced positions
in the 1870s, followed by a rapid retreat
(Grove 2004). Of the available in-situ mass
balance measurements from the Andes only
a dozen cover more than a decade, with
earliest observations starting at the end of
the 1960s. Mass balance is currently being

Fig. 6.6:1 Glacliarised volcanoes in Colombia

Fig. 6.6.2 Zongo Glacier and downstream hydro-
electric power station located north-east of La
Paz city, Bolivia. Photograph taken in July 2006.
Source: B. Francou, IRD, Bolivia.

Fig. 6.6.3 San Quintin Glacier, Northern Patago-
nian Icefield. Source: ASTER satellite image in ar-
tificial natural colors (35 x 28 km) and close-ups,
2 May 2000.

Ice covered area (km?): 25500
Front variation

number of series: 160
average number of observations: 4
average time length (years): 36

Fig. 6.6.2 Zongo Glacier

measured on 28 glaciers from which eleven
series have been reported. Long-term series
comes from Echaurren Norte in central Chile
with more than 30 years of continuous mass
balance measurements, as well as from
Zongo and Chacaltaya in Bolivia (14 years),
and Antizana 15 Alpha in Ecuador (11 years).
The observations thus include the glacier
shrinkage of the past decades. There have
been a few cases of surging glaciers, the most
recent being Horcones Inferior in Argentina,
with two major surge events starting in
1984 and in 2004 (Milana 2007). The small
number of available data series indicates
the problems encountered when conducting
such measurements under difficult logistical
conditions and with unreliable financial
support (Casassa et al. 2007). Except for a
few cases in Patagonia and Tierra del Fuego,
glaciers in South America have shown a
general retreat and wasting since the LIA
maximum extent with an enhanced retreat
trend in recent decades (Casassa et al. 2007).

Regions - South America

Mass balance
number of series: 11
average number of observations: 8

The Northern Patagonian Icefield lost about
3.4 per cent (140 km?) of its area between
1942 and 2001, whereby the frontal tongues
of calving glaciers were observed to be an
important source of recession and area
change (Rivera et al. 2007). Thinning rates
of up to 30 m/y have been observed recently
in the Southern Patagonian Icefield, with a
relevant contribution to sea level rise (Rignot
et al. 2003).

43

MASS BALANCE

Chacaltaya (BO) (m w(.)e.)
u_‘ {
A0
~
»
189"
Zongo (BO)
Vo o

Echaurren Norte (CL)
LM
Y N

Antizana 15 Alpha (EC)

6.9

L |
1945 1965 1985 2005

Fig. 6.6.3.a

| Fig. 6.6.3.c



44 | Global glacier changes: facts and figures

6.7 Northern Asia

The majority of land surface ice in Northern Asia is located on the East Arctic Islands such as Novaya
Zemlya, Severnaya Zemlya and Franz Josef Land, as well as distributed in the mountain ranges from
the Ural to the Altay, in the east Siberian mountains and Kamchatka. The available data series are
sparse and most of the few measurements were discontinued in latter decades of the 20th century.
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centrated on the East Arctic Islands (total ice cov-
er of about 56 000 km?) such as Novaya Zemlya
(23 645 km?), Severnaya Zemlya (18 325 km?)
and Franz Josef Land (13 735 km?). In addition,
glaciers occur in the mountain ranges from the
Ural to the Altay, and Kamchatka with a total
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2005). The glaciers on the East Arctic Islands are
not well investigated due to their remote loca-
tion in the Barents and Kara Sea. They are very
much influenced by the extent of sea ice and the
North Atlantic oscillations, and some of them are
tidewater glaciers. Dated moraines suggest LIA
maxima around or after 1300 for some glaciers,
and the late 19th century for others on Novaya
Zemlya (Zeeberg and Forman 2001). The Altay
extends over about 2 100 km from Kazakhstan,
China, Russia to Mongolia, reaching its highest
elevation of 4 506 m asl on Belukha Mountain in
the Russian Altay. Until recently, investigations
in the Altay failed to disclose evidence of early
LIA advances (Kotlyakov et al. 1991). New stud-
ies based on lichenometry indicate extended gla-
cier states in the late 14th and mid 19th century
(Solomina 2000). The east Siberian Mountains,
such as Cherskiy Range, Suntar-Khayata, and
Kodar Mountains, show only small amounts of
glacier ice and the knowledge on these glaciers
is limited. Gurney et al. (2008) mapped more
than 80 glaciers in the Buordakh Massif, in the
Cherskiy Range (northeast Siberia), a region with
a total glacierised area of about 70 km?. The LIA
maximum extents have also been delineated and
have been dated to 1550-1850 AD (Gurney et
al. 2008). The topography of Kamchatka is char-
acterised by numerous volcanoes with heights
up to 5000 m asl. Therefore, some of the gla-
ciers are strongly influenced by volcanic activi-
ties. Here, the maximum stage of the LIA was
reached in the mid to late 19th century (Grove
2004), with advances of similar magnitudes in
the 17th, 18th century (Solomina 2000).

Fig. 6.7.1 Maliy Aktru Glacier

The few available fluctuation series mainly
come from the Russian Altay, with half a dozen
front variation series covering the entire 20th
century and three continuous mass balance se-
ries extending back to 1977, from Leviy Aktru
and No. 125 (Vodopadniy), and to 1962 from
Maliy Aktru. Some information is available
from Kamchatka with front variation and mass
balance measurements from 1948-2000 and
1973-1997, respectively, and a few short-term
series from the Northern Ural and Severnaya
Zemlya. Most of the observation series were
discontinued at the end of the 20th century. A
particular challenge in this region, as well as in
parts of Central Asia, has been the breakdown

Fig. 6.7.1 Maliy Aktru Glacier located in the Russian Al-
tay (photograph taken in July 2007). Source: W. Hagg,
LMU Munich, Germany.

Fig. 6.7.2 Kozelskiy Glacier on Kamchatka in Septem-
ber 2007. Source: A.G. Manevich, Russian Academy of
Sciences.

Fig. 6.7.3 Ice caps on Severnaya Zemlya, Russian Arctic.
ASTER satellite image (63 x 47 km) and close-ups, 19
August 2003.

Ice covered area (km?): 59 600
Front variation

number of series: 24
average number of observations: 14
average time length (years): 55

Regions - Northern Asia

Mass balance
number of series: 14
average number of observations: 14
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Fig. 6.7.2 Kozelskiy Glacier

of the Soviet system in 1989 and the related
loss in expertise in and capacities for glacier
monitoring. In Japan, mass balance measure-
ments have been carried out since 1981 on
Hamaguri Yuki, a perennial snow patch at
2 750 m asl in the Tateyama Mountain, Central
Japan (Higuchi et al. 1980).

In the Arctic islands a slight reduction in the
glacierised area by little more than one per
cent over the past 50 years has been found
(Kotlyakov et al. 2006). Tidewater calving
glaciers in north Novaya Zemlya underwent a
rapid retreat in the first half of the 20th cen-
tury, half of them being stable during 1952
to 1964, with a more moderate retreat occur-
ring up to 1993 (Zeeberg and Forman 2001).
A study based on satellite images shows
that from 40 outlet glaciers on north Novaya
Zemlya, 36 retreated and only four advanced
between 1990 and 2000 (Kouraev et al. 2008).
Russian studies show that in the Urals, some
glaciers have disappeared completely, while in
the Altay, glaciers have been shrinking contin-

uously since the mid 19th century (Kotlyakov
et al. 2006) accelerating from seven per cent
ice loss between 1952 and 1998 to four per
cent between 1998 and 2006 (Shahgedanova
et al. 2008). Comparisons with Landsat satel-
lite images of 2003 have shown that the gla-
cier extent of Suntar-Khayata has diminished
by 19 per cent since 1945, and in the Cherskiy
Range by 28 per cent since 1970 (Ananicheva
2006). On average, the scale of glacier shrink-
age was much smaller in continental Siberia
than in central Asia and along the Pacific mar-
gins (Solomina 2000). On Kamchatka both re-
treats and advances have occurred on glaciers
influenced by volcanoes, whereas a general
retreat was found on glaciers located in the
coastal area (Kotlyakov et al. 2006).
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6.8 Antarctica

Mainly due to the remoteness and the immense size of the ice masses, little is known
about the distribution and changes in the large number of glaciers and ice caps around
the continental ice sheet in Antarctica and on the Subantarctic Islands.
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The vast majority of glaciers and ice caps in the
Antarctica are located on the Antarctic Penin-
sula and around the Antarctic Ice Sheet, with
an overall estimated area ranging from 70 000
km? (Dyurgerov and Meier 2005) to 169 000
km? (Shumsky 1969). This large uncertainty re-
sults from the difficulty to differentiate clearly
between the various glaciers and ice caps, and
the ice bodies closely linked to the continental
ice sheet. Weidick and Morris (1998) describe
three categories of local glaciers outside the ice
sheet: coastal glaciers, ice streams which are
discrete dynamic units attached to the ice sheet,
and isolated ice caps. Coastal local glaciers are
most obvious in the McMurdo Dry Valleys within
Victoria Land and on the Antarctic Peninsula.
The latter is covered by a long, relatively nar-
row and thin ice field nourishing valley glaciers,
which cut through the coastal mountains and
terminate in ice cliffs at sea level. Ice streams
range from smaller ones on the southern part
of the Antarctic Peninsula to larger ones flowing
from the central Antarctic Plateau down to the
Ross or Filchner-Ronne ice shelves. Examples of

Fig. 6.8.1 Oblique aerial photograph with Antarctic
Peninsula plateau in the background (March 11,
2007). From north to south (right-left) the Mapple
and Melville Glaciers, which are calving at present
into the Larsen B embayment. Both glaciers nour-
ished formerly the Larsen B ice shelf, which collapsed
within a few weeks in February-March 2002, during
the warmest summer ever recorded in the region.
Source: P. Skvarca, Instituto Antdrtico Argentino.

the third type are the ice rises on the Larsen and
Filchner-Ronne ice shelves. Berkner Island, the
largest ice rise in the world, is located on the
latter (Swithinbank 1988). Evidence of the tim-
ing of LIA glacier maxima south of the Antarctic
Circle (66° 30’ S) is sparse due to the lack of
organic material for dating (Grove 2004).

In addition to Antarctica, glaciers and ice caps
are situated on Subantarctic Islands such as the
South Shetland Islands, South Georgia, Heard
Island and Kerguelen, with a total estimated ice
cover of roughly 7 000 km? (Dyurgerov and Mei-
er 2005). On the South Shetland Islands, at least
ten glacial events were found to have occurred
between 1240 and 1991 (Birkenmajer 1998,
Clapperton 1990). South Georgia is located
about 1 400 km east-southeast of the Falkland
/ Malvinas Islands. More than half of it is ice
covered, with most of the glaciers extending to
the sea (Clapperton et al. 19893, b). Clapperton
et al. (1989a, b) described LIA advances begin-
ning after the late 13th century and culminat-
ing in the 18th, 19th and 20th centuries. Heard
Island is situated in the Southern Indian Ocean,
1 650 km north of the Antarctic continent. The
island is characterised by two volcanoes; the
larger and still active one, Big Ben, reaching
2 750 m asl. Some 21 glaciers are identified on
the volcanic cone (Ruddell 2006); typically, they
widen and steepen toward the sea, and termi-
nate in ice cliffs (Grove, 2004). A total of 70 per
cent of the island is ice covered (Ruddell 2006,
Thost and Truffer 2008).

Fig. 6.8.2 Wright Lower Glacier with Lake Brown-
worth, Dry Valleys in Antarctica (January 14, 2007).
The Wright Lower Glacier is fed from the Wilson-
Piedmont Glacier. The Onyx River dewaters from
Lake Brownworth into the drainless Lake Vanda.
The nunatak is called King Pin (820 m) and at the
far back Mt Erebus (3794 m), the most southern
active volcano, is visible. Source: D. Stumm, Univer-
sity of Otago, New Zealand.

Ice covered area (km?): 77 000
Front variation

number of series: 48
average number of observations: 3
average time length (years): 30

Fig. 6.8.2 Wright Lower Glacier

A number of front variation series as derived
from expedition reports, aerial photographs and
satellite images are available from the Dry Val-
leys in Antarctica extending back to the 1960s,
as well as from South Georgia, back to the late
19th century, and from Heard Island back to
1947. In summer 1999-2000, a detailed mass
balance monitoring program was initiated on
Glaciar Bahia del Diablo, a glacier on Vega Island,
at the northeastern side of the Antarctic Penin-
sula (Skvarca and De Angelis 2003, Skvarca et al.
2004). Additional reconstructions and measure-
ments are reported in the literature, e.g. from
Kerguelen (e.g., Frenot et al. 1993) and South
Shetland Islands (e.g., Hall 2007), with no data
having been reported to the WGMS.

Cook et al. (2005) mapped 244 glaciers on the
Antarctic Peninsula and adjacent islands, most
of them terminating in the sea. Their analyses of
aerial photographs and satellite images showed
that 87 per cent of the glaciers have retreated
over the last six decades. A general glacier re-
cession trend of different spatial pattern on the
e 6 ¢ 6 o ¢ ¢ o ¢ ¢ o o o o
Fig. 6.8.3 Bahia del Diablo on Vega Island, at
the northeastern side of the Antarctic Peninsula.

Source: ASTER satellite image (37 x 20 km) and
close-ups, 27 January 2006.

Regions - Antarctica
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number of series: 1
average number of observations: 4

Antarctic Peninsula was previously reported
by Rau et al. (2004), who investigated the ice-
front changes north of 70" S over the period
1986-2002. Large retreat and thinning rates
over the past two decades have been reported
from glaciers terminating on land on Vega and
James Ross Islands, as well as strong glacier ac-
celeration, surges and retreats subsequent to
the collapse of the Larsen Ice Shelf A and B sec-
tions (De Angelis and Skvarca 2003, Rott et al.
2002, Skvarca and De Angelis 2003). Glaciers
on South Georgia receded overall by varying
amounts from their more advanced positions in
the 19th century, with large tidewater glaciers
showing a more variable behavior and remaining
in relatively advanced positions until the 1980s.
Since then, however, most glaciers have receded;
some of these retreats have been dramatic and
a number of small mountain glaciers are about
to disappear (Gordon et al. 2008). According to
expedition records, little or no change occurred
on glaciers at Heard Island during the first dec-
ades of the 20th century (Grove 2004). However,
in the second half, recession of glaciers has been
widespread. A recent study yields a reduction in
the overall ice extent of about 29 per cent from
1947 to 2003 (Thost and Truffer 2008), inter-
rupted by a re-advance of some glaciers in the
1960s (Radok and Watts 1975).

Fig. 6.8.3 Vega Island
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Regions - Central Asia
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6.9 Central Asia

Ice covered area (km?): 114 800
The main mountain range of Central Asia is the Himalaya and its adjacent mountain ranges such E:‘r’n':)te:’ﬂif ';tr'lgs" 310 nMu*:nsse?z‘:aS’e‘;gs_
as Karakoram, Tien Shan, Kunlun Shan and Pamir. The sum of its glacierised area corresponds average number of observations: 5 average number of observations:
to about one sixth of the global ice cover of glaciers and ice caps. The available observations are average time length (years): 22

distributed well over the region but continuous long-term fluctuations series are sparse.

FRONT VARIATION
Urumgihe S.No.1 (CN)

Ts. Tuyuksuyskiy (SU)

> o~

0.2
(km)
0

Central Asia with an estimated total ice cover of
114 800 km? has as its dominant mountain range
the Himalaya, where most of the glaciers occur
(33 050 km?) and its adjacent mountain ranges (with
corresponding ice areas): Karakoram (16 600 km?),
Tien Shan (15 417 km?), Kunlun Shan (12 260 km?)

two of them, Ts. Tuyuksuyskiy (Kazakh Tien Shan)
and Urumgihe South No.1 (Chinese Tien Shan) are
still surveyed every year. As in Northern Asia, the
breakdown of the Soviet System in 1989 might
partly explain the breakdown of the observation
network in the 1990s. Within Central Asia, the

al. 2003). Berthier et al. (2007) used remote sens-
ing data to investigate glacier thickness changes
in the Himachal Pradesh, Western Himalaya. They
found an annual ice thickness loss of about 0.8
m w.e. per year between 1999 and 2004 - about
twice the long-term rate of the period 1977-1999.
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south from K2 (8 611 m asl), with the Baltoro Glacier
in the Karakoram. Source: C. Mayer, Commission for
Glaciology of the Bavarian Academy of Sciences.
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6.10 North America

North American glaciers are located on mountains in the west of the continent from
Alaska down to the Canadian and US Rockies, and on volcanoes in Mexico. A lot of the
length change observations were discontinued at the end of the 20th century, but there
still are several long-term mass balance series.
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Most of the mountain ranges in North America
are found on the west of the continent,
parallel to the coastline. Prominent are the
“Rocky Mountains”, which spread over more
than 3000 km from the Mexican border
through the United States and into Canada
and eastern Alaska. To the north they extend
into the Alaska Range and the Brooks Range.
The highest peak of the continent is Mount
McKinley / Denali (6 193 m asl), which is
situated in the Alaska Range. Glaciers and
ice fields in the region presented here cover
almost as much area as in the Canadian
Archipelago (see section 6.11 Arctic Islands)
with about 75 000 km? in Alaska and about
49 000 km? in the conterminous USA and
western Canada. In the latter, glaciers are
situated in the Rocky Mountains and Interior
Ranges, and along the coast of the Pacific
Ocean, where they are in some regions
continuous with Alaskan Glaciers (Williams
and Ferrigno 2002). In general, the climate of
the mountain ranges shows strong variations
depending on latitude, altitude and proximity
to the sea. Therefore, the glaciers in the
south are much smaller and occur at higher
elevations than in the higher latitudes, where
some glaciers extend down to the shore. In
Mexico, small glaciers occur on the peaks of
three volcanoes, namely on Pico de Orizaba,
Iztaccihuatl, and Popocatépet| (White 2002).

In conterminous USA and Canada glaciers
reached their LIA maximum extent in the mid

Fig. 6.10.1 Gulkana Glacier in the Alaska Range,
USA. Photograph was taken October 5, 2003.
Source: R. March, United States Geological
Survey.

to late 19th century (Kaufmann et al. 2004).
In Alaska, the LIA maxima were attained at
various times; for the northeast Brooks Range
it was the late 15th century, and for the Kenai
Mountains, the mid 17th century (Grove
2004). However, most of the Alaskan glaciers
reached the LIA maximum extent between
the early 18th and late 19th centuries (Molnia
2007). Although several dozen front variation
observations exist for the 20th century, most
of the series were discontinued in the 1980s or
1990s. Half of the 45 reported mass balance
series cover ten or more measurement years.
Among these there are seven with 39 or more
years of observations, including for example
Peyto Glacier in the Canadian Rockies, Place
and South Cascade Glacier in the Cascade
Mountains, as well as Lemon Creek, Gulkana
and Wolverine Glacier in Alaska, with some
extending as far back as the early 1950s. Half
of the mass balance series were not continued
into the 21st century.

Fig. 6.10.1 Gulkana Glacier

Fig. 6.10.2 South Cascade Glacier in the Canadian
Rockies. Photograph was taken in 2001. Source:
M.N. Demuth, Natural Resources Canada.

Fig. 6.10.3 Section of Kenai Mountains, Alaska,
USA, with Wolverine Glacier to the middle bot-
tom. Source: ASTER satellite image (37 x 48 km)
and close-ups, 8 September 2005.

Ice covered area (km?): 124 000
Front variation

number of series: 221
average number of observations: 5
average time length (years): 37

Regions - North America

Mass balance
number of series: 45
average number of observations: 16
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+Fig. 6.10.2 South Cascade Glacier

The glacier observations show a general re-
treat after the LIA maximum, particularly at
lower elevations and southern latitudes (Mol-
nia 2007), which slowed down somewhat
between the 1950s and 1970s (La Chapelle
1960) and accelerated again after the 1970s.
Distinct exceptions to this overall trend are
found in the fluctuations of certain tidewater
glaciers such as Muir (Saint Elias Mountains),
Columbia 627 (Chugach Mountains), or Taku
Glacier (Alaskan Panhandle). Mass balance
measurements show strong accelerating ice
losses since the mid 1970s (Demuth and
Keller 2006, Josberg et al. 2007, Moore and
Demuth 2001) which was confirmed by re-
mote sensing studies in Alaska and Canada
(Arendt et al. 2002, Demuth et al. 2008,
Larsen et al. 2007). In the Western Cordillera
of the Rocky Mountains the glacier area loss

Fig. 6.10.3b

Fig. 6.10.3a

since the LIA is estimated at about 25 per
cent (Fountain et al. 2006, Luckman 2000,
Luckman 2006). Small glacier diminution
appears to be a distinct feature of the past
century and a half of ice observation in some
regions (Canadian Rocky Mountain eastern
slopes: Demuth et al. 2008; North Cascades:
Granshaw and Fountain 2006). It is recog-
nised in both instances however, that topo-
graphic controls and glacier dynamics can be
the source of significant local and regional
variability (e.g., DeBeer and Sharp 2007).

Fig. 6.10.3c

MASS BALANCE

Gulkana (US) (mw.e)
E— . 0.

R “\,\-ml’

)

-185
Wolverine (US) ...~
bt ™

81
Lemon Creek (US)

I,

248
South Cascade (US)
ey

=

ey
306
Blue Glacier (US)
Phvesrangrents™
s
Columbia 2057 (US) ;
»..\W\\
114
Daniels (US)
%\.A'\"
X\
133
Foss (US)
T e,
N
11.0
Ice Worm (US) e,
..\\
138
Lower Curtis (US)
Sy,
N\
11.6
Lynch (US)
-m"«/‘r‘\
\
94
Rainbow (US)
SN
\
-84
Yawning (US)
R
127
Place (CA)

Peyto (CA)
-

.M.\‘“\.\
”').‘.\"
216

Helm (CA) ..-\\‘\‘\
| 322,
1945 1965 1985 2005



52 | Global glacier changes: facts and figures

6.11 Arctic Islands

Glaciers and ice caps are found on the Canadian Arctic Archipelago and around the Green-
land Ice Sheet, as well as on the West Arctic Islands, Iceland, and Svalbard. The majority of
the fluctuation measurements have been reported from the latter two regions.
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The Arctic Islands consist of Greenland, the Ca-
nadian Arctic Archipelago to the west, Iceland,
Svalbard and the West Arctic Islands, as well
as the East Arctic Islands (see section Northern
Asia) to the east. More than half of the area
covered by glaciers and ice caps (~ 150 000
km?) is located on the Canadian Arctic Archi-
pelago, which is a group of more than 36 000
islands (e.g. Baffin, Devon, Ellesmere, and Axel
Heiberg Island), and another quarter is found
around the Greenland ice sheet. Iceland is lo-
cated on the Mid-Atlantic Ridge, the boundary
of the European and the American plates, with
its ice cover dominated by six large ice caps,
with Vatnajokull as the largest. The Svalbard
Archipelago is situated in the Arctic Ocean
north of mainland Europe. Its topography is
more than half covered by ice, and is charac-
terized by plateau mountains and fjords. The
climate and as such the fluctuations of glaciers
and ice caps of the Arctic Islands are very much
influenced by the extent and distribution of
sea ice which in turn depends on ocean cur-
rent and on the Arctic and North Atlantic Oscil-
lations. The large variability in ice thickness of
Arctic glaciers and ice caps as well as different
ice temperatures is expected to result in differ-
ent responses to climatic changes. In addition,

Fig. 6.11.1 Waldemarbreen in the western part
of Svalbard (summer of 2006). Source: I. Sobota,
Nicolaus Copernicus University, Poland.

some of the rapid glacier advances might have
been related to volcanic activities (in Iceland),
glacier surges or calving processes rather than
to climatic events.

The timing of the LIA maximum extent of
glaciers and ice caps differs between the re-
gions. It is estimated to the mid 18th century
for Iceland and the end of the 19th century
for the Canadian Arctic Archipelago (Grove
2004). The few investigations from Greenland
indicate that many glaciers and ice caps (e.g.
on Disko Island) reached their maximum ex-
tents before the 19th century (Weidick 1968).
In the LIA the glaciers on Svalbard were close
to their late Holocene maximum extent and
remained there until the onset of the 20th
century (Svendsen and Mangerud 1997).

Iceland and the western part of Svalbard are
quite well represented in glacier observation
series. Front variation series span most of
the 20th century. Continuous mass balance
measurements are available since the end
of the 1960s from Svalbard (Austre Brggger-
breen, Midtre Lovénbreen) and since 1988
from Iceland (Hofsjokull North). Available
fluctuation series from glaciers and ice caps
of Greenland and the Canadian Arctic Archi-
pelago are sparse and most of them were in-
terrupted in the 20th century. The only long-
term mass balance series, starting in the early
1960s, are available from White and Baby Gla-
cier (Axel Heiberg Island), as well as from the

Fig. 6.11.2 The Hofsjokull Ice Cap, Iceland.
Source: ASTER satellite image (50 x 51 km), 13
August 2003.

Fig. 6.11.3 Glaciers draining the Grinnell Land Ice-
field on Ellesmere Island, Canadian Arctic. Source:
ASTER satellite image (62 x 61 km) and close-up,
31 July 2000.

Ice covered area (km?): 275 500
Front variation

number of series: 93
average number of observations: 31
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Devon Ice Cap (Koerner 2005). Archaeologi-
cal findings, historical documents, trim lines
together with the fragmentary measurement
series, give evidence of a general retreat-
ing trend of the Arctic glaciers and ice caps
since the time when of their LIA extent which
slowed down somewhat during the middle
of the 20th century (Dowdeswell et al. 1997,
Grove 2004, ACIA 2005). Glaciers on Cum-
berland Peninsula, Baffin Island, yield an area
loss of 10-20 per cent between the LIA maxi-
mum extent and 2000 (Paul and Kaab 2005).
However, there are several regional or glacier
specific variations found in this overall trend
such as the mass gain of Kongsvegen (Sval-
bard) in the early 1990s (Hagen et al. 2003)
and periods of glacier retreat (1930-1960,
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7 Conclusions

The internationally coordinated collection of information
about ongoing glacier changes since 1894 and the
efforts towards the compilation of a world glacier
inventory have resulted in unprecedented data sets.
Several generations of glaciologists around the world
have contributed with their data to the present state
of knowledge. For the second half of the 20th century,
preliminary estimates of the global distribution of
glaciers and ice caps covering some 685 000 km?,
are available, including detailed information on about
100 000 glaciers, and digital outlines for about 62 000
glaciers. The database on glacier fluctuations includes
36 240 length change observations from 1803 glaciers
as far back as the late 19th century, as well as about
3400 annual mass balance measurements from 226
glaciers covering the past six decades. All data is
digitally made available by the WGMS and its cooperation
partners, the NSIDC and the GLIMS initiative.

The glacier moraines formed during the end of the
LIA, between the 17th and the second half of the 19th
century, mark Holocene maximum extents of glaciers
in most of the world‘s mountain ranges. From these
positions, glaciers around the globe have been shrinking
significantly, with strong glacier retreats in the 1940s,
stable or growing conditions around the 1970s, and
again increasing rates of ice loss since the mid 1980s.
On a shorter time scale, glaciers in various mountain
ranges have shown intermittent re-advances. Looking
at individual fluctuation series, a high variability and
sometimes contradictory behaviour of neighbouring
ice bodies are found which can be explained by the
different glacier characteristics. The early mass balance
measurements indicate strong ice losses as early as
the 1940s and 1950s, followed by a moderate ice loss
between 1966 and 1985, and accelerating ice losses until
present. The global average annual mass loss of more
than half a metre water equivalent during the decade
of 1996 to 2005 represents twice the ice loss of the
previous decade (1986-95) and over four times the rate
of the decade from 1976 to 1985. Prominent periods

of regional mass gains are found in the Alps in the late
1970s and early 1980s and in coastal Scandinavia and
New Zealand in the 1990s. Under current IPCC climate
scenarios, the ongoing trend of worldwide and rapid,
if not accelerating, glacier shrinkage on the century
time scale is most likely to be of a non-periodic nature,
and may lead to the deglaciation of large parts of many
mountain ranges by the end of the 21st century.

In view of the incompleteness of the detailed inventory
of glaciers and ice caps and the spatio-temporal bias
of the available fluctuation series towards the Northern
Hemisphere and Europe, it is of critical importance that
glacier monitoring in the 21st century:

e continues long-term fluctuation series (i.e., length
change and mass balance) in combination with
decadal determinations of volume/thickness and
length changes from geodetic methods in order to
verify the annual field observations,

e re-initiates interrupted long-term  series in
strategically important regions and strengthens
the current monitoring network in the regions wich
are currently sparsely covered (e.g. Tropics, South
America, Asia, and the polar regions),

e integrates reconstructed glacier states and variations
into the present monitoring system in order to extend
the historical set of length change data and to put the
measured glacier fluctuations of the last 150 years into
context with glacier variations during the Holocene,

o replaces long-term monitoring series of vanishing
glaciers with timely starting parallel observations
on larger or higher-reaching glaciers,

e concentrates the extent of the field observation
network mainly on (seasonal) mass balance
measurements, because they are the most direct
indication of glacier reaction to climate changes,

o makes use of decadal digital elevation model
differencing, and similar techniques, to extend
and understand the representativeness of the field
measurements to/for the regional ice changes,

o completes a global glacier inventory, e.g., for the
1970s (cf. WGMS 1989),

o defines key regions, where the glacier cover
is relevant to climate change, sea level rise,
hydrological issues and natural hazards, and in
which repeated detailed inventories assess glacier
changes (e.g., from the trim lines of the LIA) around
2000, and of the coming decades, with respect to
the global baseline inventory, and

o periodically re-evaluates the feasibility and relevance
of the monitoring strategy and its implementation.

The potentially dramatic climate changes, as sketched
for the 21st century by IPCC (2007) refer to glacier
changes of historical dimensions with strong impacts
on landscape evolution, fresh water supply, natural
hazards and sea level changes. This requires that
international glacier monitoring makes use of the rapidly
developing new technologies (remote sensing and geo-
informatics) and relate them to the more traditional
field observations, in order to face the challenges of the
21st century.
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Fig. 7.1b-Muir Glacier, 2004

Fig. 7.1a—b Photo comparison of Muir Glacier, Alaska, which is
a typical tidewater glacier. The photo 7.1a was taken on 13 Au-
gust 1941 by W. O. Field; the photo 7.1b was taken on 31 Au-
gust 2004 by B. F. Molnia of the United States Geological Survey.
Source: US National Snow and Ice Data Center.
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Appendix 1 National Correspondents of the WGMS

List of the national correspondents of the WGMS. A detailed list of the principle investigators of glaciers
monitored within GTN-G as well as a list of the supporting agencies are given in the WGMS data publications
(WGMS 2005a and earlier volumes).

ARGENTINA/
ANTARCTICA

AUSTRALIA/
ANTARCTICA

AUSTRIA

BOLIVIA

CANADA

CHILE

CHINA

COLOMBIA

Lydia Espizua

Instituto Argentino de Nivologia y Glaciologia
CONICET (IANIGLA)

Casilla de Correo 330

ARGENTINA - 5500 Mendoza

E-mail: lespizua@Iab.cricyt.edu.ar

Andrew Ruddell

4/17 Wellington Square

North Adelaide

AUSTRALIA - South Australia 5006
E-mail: andrew.ruddell@bigpond.com

Michael Kuhn

Institute of Meteorology and Geophysics
University of Innsbruck

Innrain 52

AUSTRIA - 6020 Innsbruck

E-mail: Michael.Kuhn@uibk.ac.at

Javier C. Mendoza Rodriguez

IHH (Instituto de Hidraulica e Hidrologia) and

SENAMHI (Servicio Nacional de Meteorologia

e Hidrologia)

P.0. Box 699

BOLIVIA - La Paz

E-mail: jmendoza@senamhi.gov.bo
jcmendoza@umsa.bo

Michael N. Demuth

Natural Resources Canada
Geological Survey of Canada
601 Booth Street

CANADA - Ottawa, ON K1A OE8
E-mail: mdemuth@NRCan.gc.ca

Gino Casassa

Centro de Estudios Cientificos
Av. Prat. 514

CHILE - Valdivia

E-mail: gcasassa@cecs.cl

Li Zhonggin

Tianshan Glaciological Station /

Cold and Arid Regions Environment and Engi-
neering Research Institute (CAREERI)
Chinese Academy of Sciences (CAS)

260 West Donggang Road

P. R. CHINA - 730 000 Lanzhou, Gansu
E-mail: lizg@ns.lzb.ac.cn

Jair Ramirez Cadenas

INGEOMINAS

Diagonal 53 No. 34-53

COLOMBIA - Bogota

E-mail: jairamir@ingeominas.gov.co

ECUADOR

FRANCE

GERMANY

GREENLAND

ICELAND

INDIA

INDONESIA
ITALY

JAPAN

Bolivar Caceres

INAMHI (Instituto Nacional de Meteorologia e
Hidrologia) and IRD

ECUADOR - 16 310 Quito

E-mail: bolivarc@inamhi.gov.ec

Christian Vincent

Laboratory of Glaciology and Environmental
Geophysics (CNRS)

P.0O. Box 96

FRANCE - 38402 St. Martin d’Héres Cedex
E-mail: vincent@lgge.obs.ujf-grenoble.fr

Ludwig Braun

Commission for Glaciology
Bavarian Academy of Sciences
Alfons-Goppel-Str. 11

GERMANY - 80539 Miinchen
E-mail: ludwig.braun@kfg.badw.de

Andreas Peter Ahlstram

Department of Quaternary Geology

The Geological Survey of Denmark and Green-
land (GEUS)

@ster Voldgade 10

DENMARK - 1350 Kgbenhavn K

E-mail: apa@geus.dk

Oddur Sigurdsson
National Energy Authority
Hydrological Service
Grensasvegi 9

ICELAND - 108 Reykjavik
E-mail: 0sig@os.is

C.V. Sangewar

Glaciology Division

Geological Survey of India

Vasundara Complex, Sector E, Aliganj
INDIA - Lucknow 226024

E-mail: cvsangewar@rediffmail.com

see AUSTRALIA

Mirco Meneghel

Universita di Padua
Dipartimento di Geografia

Via del Santo 26

ITALY - 35123 Padova

E-mail: mirco.meneghel@unipd.it

Koji Fujita

Department of Hydrospheric-Atmospheric
Sciences (DHAS)

Graduate School of Environmental Studies

c¢/o Hydrospheric Atmospheric Research
Center, Nagoya University

JAPAN - Nagoya 464 8601

E-mail: cozy@nagoya_u.jp

KAZAKHSTAN

MEXICO

NEPAL

NEW ZEALAND/
ANTARCTICA

NORWAY

PAKISTAN

PERU

POLAND

Igor Severskiy

Institute of Geography of the
Ministry-Academy of Sciences of the Republic
of Kazakhstan

Pushkinstreet 99

KAZAKHSTAN- 480100 Almaty
i_severskiy@mail.kz

Hugo Delgado-Granados

Instituto de Geofisica

Universidad Nacional Autonoma de México
Circuito Exterior, C. U. Coyoacan
MEXICO - México D. F. 04510

E-mail: hugo@geofisica.unam.mx

see JAPAN

Trevor J. Chinn

Alpine and Polar Processes Consultancy
Rapid 20, Muir Rd. Lake Hawea

RD 2 Wanaka

NEW ZEALAND - Otago 9192

E-mail: t.chinn@xtra.co.nz

Jon Ove Hagen

Department of Geosciences
Section of Physical Geography
University of Oslo

P.0. Box 1047, Blindern
NORWAY - 0316 Oslo

E-mail: j.0.m.Hagen@geo.uio.no

Ali Ghazanfar

Head Water Resources Section

Global Change Impact Studies Centre (GCISC)
61/A, 1st Floor

Jinnah Avenue

PAKISTAN - Islamabad

E-mail: ghazanfar.ali@gcisc.org.pk

Marco Zapata Luyo

Unidad de Glaciologia y Recursos Hidricos

INRENA

Av. Confraternidad Internacional Oeste No. 167

PERU - Huaraz / Ancash

E-mail: glaciologia@inrena.gob.pe
zapataluyomarco@gmail.com

Bogdan Gadek

University of Silesia
Department of Geomorphology
ul. Bedzinska 60

POLAND - 41 200 Sosnowiec
E-mail: jgadek@us.edu.pl

RUSSIA

SPAIN

SWEDEN

SWITZERLAND

USA

UZBEKISTAN

Appendix | 65

Victor V. Popovnin

Moscow State University

Geographical Faculty

Leninskiye Gory

RUSSIA - 119 992 Moscow

E-mail: po@geogr.msu.ru
begemotina@hotmail.com

Eduardo Martinez de Pison

Miguel Arenillas

Ingenieria 75, S.A.

Velazquez 87-4° derecha

SPAIN - 28006 Madrid

E-mail: ing75@ing75.com
map@ing75.com

Per Holmlund

Department of Physical Geography and Qua-
ternary Geology

Glaciology

University of Stockholm

SWEDEN - 106 91 Stockholm

E-mail: pelle@natgeo.su.se

Martin Hoelzle

Department of Geosciences
University of Fribourg

Chemin de musée 4
SWITZERLAND - 1700 Fribourg
E-mail: martin.hoelzle@unifr.ch

William R. Bidlake

US Geological Survey
Washington Water Science Center
934 Broadway - Suite 300

USA - Tacoma, WA 98402

E-mail: whidlake@usgs.gov

Andrey Yakovlev

The Center of Hydrometeorological Service
(UzHydromet)

72, K.Makhsumov str.

UZBEKISTAN - 100 052 Tashkent

E-mail: andreyakovlev@mail.ru



66

Global glacier changes: facts and figures

Appendix 2 Meta-data on available fluctuation data

Overview table on available length change (FV) and mass bal-
ance data series (MB) up to the year 2005. Notes: PU: politi-
cal unit; PSFG: local PSFG key; WGMS ID: internal WGMS key;

FirstRY: first reference year; FirstSY: first survey year; LastSY:
last survey year; NoObs: number of observations.

Source: Data from WGMS. An update of this list in various dig-
ital formats is available on the WGMS website: www.wgms.ch/
dataexp.html

PU PSFG NAME WGMS ID | GENERAL LOCATION SPECIFIC LOCATION LATITUDE |LONGITUDE | FVFirstRY |FV FirstSY | FV LastSY | FV NoObs | MB FirstRY | MB LastSY | MB NoObs
AQ 27 | ADAMS 885 | DRY VALLEYS MIERS VALLEY -78.10 163.75 1988 1989 1990 2
AQ BAHIA DEL DIABLO 2665 | ANTARCTIC PENINSULA VEGA ISLAND -63.82 -57.43 2002 2005 4
AQ 16 | BARTLEY 893 | DRY VALLEYS WRIGHT VALLEY -77.52 162.23 1983 1984 1995 9
AQ 9 | CANADA 877 | DRY VALLEYS TAYLOR VALLEY -77.58 162.75 1972 1979 1979 1
AQ 12 | CLARK CPI 894 | DRY VALLEYS WRIGHT VALLEY -77.42 16233 1973 1978 1995 9
AQ 10 | COMMONWEALTH 878 | DRY VALLEYS TAYLOR VALLEY -77.55 163.08 1972 1979 1979 1
AQ 5 | FINGER 873 | DRY VALLEYS TAYLOR VALLEY -77.70 161.48 1973 1979 1979 1
AQ 20 | GOODSPEED 888 | DRY VALLEYS WRIGHT VALLEY -77.42 162.38 1985 1986 1989 4
AQ 19 | HART 889 | DRY VALLEYS WRIGHT VALLEY -77.50 16235 1985 1986 1995 7
AQ 3 | HEIMDALL 890 | DRY VALLEYS WRIGHT VALLEY -77.58 162.87 1984 1987 1992 4
AQ KALESNIKA 1434 -82.06 -41.41 1966 1967 1970 4
AQ KRASOVSKOGO 1079 -71.50 1246 1965 1971 1973 2
AQ 7 | LACROIX 875 | DRY VALLEYS TAYLOR VALLEY -77.65 16247 1972 1978 1978 1
AQ 17 | MESERVE MPII 892 | DRY VALLEYS WRIGHT VALLEY -77.55 162.37 1965 1981 1992 9
AQ 26 | MIERS 886 | DRY VALLEYS MIERS VALLEY -78.08 163.75 1988 1989 1990 2
AQ 14 | PACKARD 880 | DRY VALLEYS VICTORIA VALLEY -77.33 162.13 1973 1978 1978 1
AQ 4 | SCHLATTER 872 | DRY VALLEYS TAYLOR VALLEY -77.70 161.43 1973 1979 1979 1
AQ 8 | SUESS 876 | DRY VALLEYS TAYLOR VALLEY -77.63 162.67 1972 1979 1979 1
AQ 6 | TAYLOR AN 874 | DRY VALLEYS TAYLOR VALLEY -77.75 162.00 1972 1978 1978 1
AQ 15 | VICTORIA LOWER 881 | DRY VALLEYS VICTORIA VALLEY -77.37 162.28 1973 1978 1990 2
AQ 13 | VICTORIA UPPER 879 | DRY VALLEYS VICTORIA VALLEY -77.27 161.50 1972 1978 1992 5
AQ 18 | WRIGHT LOWER 891 | DRY VALLEYS WRIGHT VALLEY -77.42 162.83 1975 1985 1995 8
AQ 11 | WRIGHT UPPER B 895 | DRY VALLEYS WRIGHT VALLEY -77.55 166.50 1970 1979 1992 7
AR 5003 | ALERCE 1346 -41.48 -70.83 1944 1953 1975 4
AR AZUFRE 2851 | CORDILLERA PRINCIPAL PLANCHON-PETEROA -35.17 -70.33 1894 1963 2005 6
AR 5005 | BONETE S 1348 -41.45 -71.00 1969 1970 1975 2
AR 5002 | CASTANO OVERO 918 | PATAGON.ANDES NAHUEL HUAPIN. -41.18 -71.83 1944 1953 1983 5
AR DE LOS TRES 1675 | PATAGONIA -49.33 -73.00 1995 1996 2003 4| 19% 1998 3
AR 5004 | FRIAS 1347 -41.52 -70.82 1944 1953 1986 4
AR 64 | FRIAS 1661 | PATAGONIA S.PAT.ICEFIELD -50.75 -75.08 1984 1986 1986 1
AR ‘GUESSFELDT 2848 | CORDILLERA FRONTAL ACONCAGUA -32.59 -70.03 1896 1929 2005 10
AR 5006 | HORCONES INFERIOR 919 | CENTRAL ANDES ACONCAGUA -32.67 -70.00 1963 1976 2005 9
AR 131 | MARTIAL 917 | ANDES FUEGUINOS MONTES MARTIAL -54.78 -68.42 1898 1943 2003 5 2001 2002 2
AR MARTIAL ESTE 2000 | ANDES FUEGUINOS MONTES MARTIAL -54.78 -68.40 2001 2005 5
AR 34 | MORENO 920 | PATAGONIA S.PAT.ICEFIELD -50.50 -73.12 1945 1970 1986 2
AR PENON 2850 | CORDILLERA PRINCIPAL PLANCHON-PETEROA -35.27 -70.56 1896 1963 2005 6
AR 5001 | RIO MANSO 1345 -41.47 -70.80 1944 1953 1975 4
AR TUPUNGATO 01 2852 | CORDILLERA PRINCIPAL TUPUNGATO -33.39 -69.73 1963 1975 2005 6
AR TUPUNGATO 02 2853 | CORDILLERA PRINCIPAL TUPUNGATO -33.37 -69.75 1963 1975 2005 6
AR TUPUNGATO 03 2854 | CORDILLERA PRINCIPAL TUPUNGATO -33.36 -69.75 1963 1975 2005 6
AR TUPUNGATO 04 2855 | CORDILLERA PRINCIPAL TUPUNGATO -33.34 -69.74 1963 1975 2005 6
AR 33 | UPSALA 921 | PATAGONIA S.PAT.ICEFIELD -50.00 -73.28 1945 1968 1990 8
AR VACAS 2849 | CORDILLERA FRONTAL ACONCAGUA -32.65 -70.00 1896 1929 2005 10
AT 229 | AEU.PIRCHLKAR 504 | EASTERN ALPS OETZTALER ALPS 47.00 10.92 1982 1982 2004 23
AT 321 | ALP.KRAEUL F. 594 | EASTERN ALPS STUBAIER ALPEN 47.05 11.15 1975 1975 1994 19
AT 307 | ALPEINER F. 497 | EASTERN ALPS STUBAIER ALPEN 47.05 11.13 1848 1848 2004 86
AT 304 | BACHFALLEN F. 500 | EASTERN ALPS STUBAIER ALPEN 47.08 11.08 1892 1892 2005 65
AT 702 | BAERENKOPF K. 567 | EASTERN ALPS GLOCKNER GR. 47.13 12.72 1924 1915 2005 46
AT 308 | BERGLASF. 496 | EASTERN ALPS STUBAIER ALPEN 47.07 11.12 1891 1892 2005 74
AT 0105C | BIELTALFE 1453 46.87 10.13 1968 1969 1978 10
AT 0105B | BIELTALFW 1452 46.87 10.13 1969 1970 2005 15
AT 0105A | BIELTALF. 481 | EASTERN ALPS SILVRETTA 46.88 10.13 1924 1924 2002 65
AT BIELTALFERNER MITTE 2674 | EASTERN ALPS STUBAIER ALPS 46.88 10.13 1996 1997 2005 9
AT 0310B | BILDSTOECKL F. 603 | EASTERN ALPS STUBAIER ALPEN 47.00 11.10 1964 1969 1990 18
AT 302 | BOCKKOGEL F. 502 | EASTERN ALPS STUBAIER ALPEN 47.03 11.12 1892 1898 1994 43
AT 727 | BRENNKOGL K. 528 | EASTERN ALPS GROSSGLOCKNER G 47.10 12.80 1988 1988 2005 18
AT 0310A | DAUNKOGEL F. 604 | EASTERN ALPS STUBAIER ALPEN 47.00 11.10 1891 1891 2005 89
AT 220 | DIEM F. 513 | EASTERN ALPS OETZTALER ALPEN 46.81 10.95 1871 1848 2005 100
AT 509 | DORFER K. 577 | EASTERN ALPS VENEDIGER GRUP. 47.10 1233 1896 1891 2003 67
AT 317 | EGRUEBL F. 597 | EASTERN ALPS STUBAIER ALPEN 46.98 11.23 1891 1892 1994 53
AT 708 | EISER K. 562 | EASTERN ALPS GLOCKNER GR. 47.15 12.68 1961 1955 1989 27
AT 1301 | EISKAR G. 1632 | KARNISCHE ALPEN 46.62 12.90 1897 1920 2005 19
AT 312 | FERNAUF. 601 | EASTERN ALPS STUBAIER ALPEN 46.98 11.13 1890 1891 2004 85
AT 0601B | FILLECK K. 476 | EASTERN ALPS GRANATSPITZ GR. 47.13 12.60 1964 1980 17
AT 320 | FREIGER F. 595 | EASTERN ALPS STUBAIER ALPEN 46.97 11.20 1898 1899 2005 38
AT 706 | FREIWAND K. 564 | EASTERN ALPS GLOCKNER GR. 47.10 12.75 1928 1929 2005 54
AT 507 | FROSNITZ K. 579 | EASTERN ALPS VENEDIGER GRUP. 47.08 12.40 1891 1860 2005 66
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AT 722 | FRUSCHNITZ K. 552 | EASTERN ALPS ‘GLOCKNER GR. 47.08 12,67 1975 1974 1991 10

AT 406 | FURTSCHAGL K. 585 | EASTERN ALPS ZILLERTALER A. 47.00 11.77 1896 1897 2005 38

AT 325 | GAISKAR F. 530 | EASTERN ALPS STUBAI ALPS 46.97 11.12 1984 1984 2005 22

AT 225 | GAISSBERG F. 508 | EASTERN ALPS OETZTALER ALPEN 46.83 11.07 1859 1856 2005 1m

AT 202 | GEPATSCH F. 522 | EASTERN ALPS OETZTALER ALPEN 46.85 10.77 1855 1856 2005 91

AT 1201 | GOESSNITZ K. 532 | EASTERN ALPS SCHOBER GROUP 46.97 12.75 1983 1983 2005 23

AT 0802B | GR GOLDBERG KEE 1305 47.03 12.47 1849 1850 2005 156 2001 2005 5
AT 1101 | GR.GOSAU G. 536 | EASTERN ALPS DACHSTEIN GR. 47.48 13.60 1877 1884 2005 67

AT GRANATSPITZ K. 2675 | EASTERN ALPS ‘GRANATSPITZ GROUP 4713 12.59 1970 1971 1994 21

AT 313 | GRAWAWAND FERNER 1308 47.11 11.16 1953 1957 1969 9

AT 709 | GRIESKOGL K. 561 | EASTERN ALPS ‘GLOCKNER GR. 477 12,68 1955 1955 1989 33

AT 1001 | GROSSELEND K. 542 | EASTERN ALPS AUKOGEL GR. 47.03 13.32 1898 1900 2004 91

AT 315 | GRUENAU F. 599 | EASTERN ALPS STUBAIER ALPEN 46.98 11.20 1891 1892 2005 89

AT 222 | GURGLER F. 511 EASTERN ALPS OETZTALER ALPEN 46.80 10.98 1896 1897 2005 67

AT 210 | GUSLARF. 490 | EASTERN ALPS OETZTALER ALPEN 46.85 10.80 1899 1893 2005 92

AT 504 | HABACH KEES 1310 47.15 1237 1924 1925 2003 26

AT 1102 | HALLSTAETTER G. 535 | EASTERN ALPS DACHSTEIN GR. 47.48 13.62 1847 1848 2005 81

AT 209 | HINTEREIS FERNER 491 EASTERN ALPS OETZTALER ALPEN 46.80 10.77 1847 1848 2005 11 1953 2005 53
AT 1005 | HOCHALM K. 538 | EASTERN ALPS AUKOGEL GR. 47.02 1333 1898 1900 2005 82

AT 208 | HOCHJOCH F. 492 | EASTERN ALPS OETZTALER ALPEN 46.78 10.82 1890 1856 2005 100

AT 309 | HOCHMOOS F. 495 | EASTERN ALPS STUBAIER ALPEN 47.05 11.15 1946 1947 2003 2

AT 724 | HOFMANNS K. 550 | EASTERN ALPS GLOCKNER GR. 47.07 12.72 1937 1937 1991 13

AT 1202 | HORN K.(SCHOB.) 531 EASTERN ALPS SCHOBER GROUP 46.97 12.77 1984 1984 2005 22

AT 402 | HORN K.(ZILLER) 589 | EASTERN ALPS ZILLERTALER A. 47.00 11.82 1881 1882 2005 105

AT 203 | HT.OELGRUBEN F. 521 EASTERN ALPS OETZTALER ALPEN 46.89 10.77 1950 1951 1987 34

AT 228 | INN.PIRCHLKAR 505 | EASTERN ALPS OETZTALER ALPS 47.00 10.92 1982 1982 2005 24

AT 106 | JAMTALF. 480 | EASTERN ALPS SILVRETTA 46.87 1017 1892 1892 2005 93 1989 2005 17
AT 0602B | KATAUERN K. S 571 | EASTERN ALPS GRANATSPITZ GR. 47.12 12.60 1961 1962 1994 26

AT 1003 | KAELBERSPITZ K. 540 | EASTERN ALPS AUKOGEL GR. 47.03 13.28 1927 1927 2005 75

AT KALSER BAERENKOPF K. 2676 | EASTERN ALPS GRANATSPITZ GROUP 47.11 13.60 1970 1971 2005 33

AT 207 | KARLES F. 493 | EASTERN ALPS OETZTALER ALPEN 46.93 10.92 1950 1951 1998 48

AT 701 KARLINGER K. 568 | EASTERN ALPS GLOCKNER GR. 4713 12.70 1840 1860 2005 73

AT 226 | KESSELWAND FERNER 507 | EASTERN ALPS OETZTALER ALPEN 46.84 10.79 1894 1900 2005 73 1953 2005 53
AT 801 KLFLEISS K. 547 | EASTERN ALPS SONNBLICK GR. 47.05 12,95 1850 1851 2005 155 2001 2005 5
AT 717 | KLEINEISER K. 555 | EASTERN ALPS ‘GLOCKNER GR. 47.15 1267 1961 1963 2005 42

AT 1002 | KLEINELEND K. 541 EASTERN ALPS AUKOGEL GR. 47.07 13.25 1898 1900 2005 88

AT 803 | KLEINER SONNBLICK KEES 1306 47.05 1297 1924 1924 1979 19

AT 703 | KLOCKERIN K. 477 | EASTERN ALPS ‘GLOCKNER GR. 47.15 12.73 1844 1846 1982 48

AT 0102B | KLOSTERTALER M 485 | EASTERN ALPS SILVRETTA 46.87 10.07 1968 1969 2005 37

AT 0102A | KLOSTERTALER N 486 | EASTERN ALPS SILVRETTA 46.87 10.07 1968 1969 2005 36 1998 1998 1
AT 0102C | KLOSTERTALER S 484 | EASTERN ALPS SILVRETTA 46.87 10.07 1924 1924 1994 66

AT 0501A | KRIMMLER K. 584 | EASTERN ALPS VENEDIGER GRUP. 47.08 12.25 1896 1897 2005 74

AT 0501B | KRIMMLER K. EAST 1309 47.08 12.25 1896 1897 2003 73

AT KRIMMLER K. MITTLERE ZUNGE 2677 | EASTERN ALPS GROUP 47.08 1227 1906 1906 1986 21

AT 806 | KRUML K. 527 | EASTERN ALPS SONNBLICK GROUP 47.08 1293 1899 1900 1995 14

AT 305 | LAENGENTALER F. 499 | EASTERN ALPS STUBAIER ALPEN 47.08 11.10 1905 1905 2004 60

AT 604 | LANDECK K. 569 | EASTERN ALPS ‘GRANATSPITZ GR. 4713 12.58 1978 1978 2005 27

AT 223 | LANGTALERF. 510 | EASTERN ALPS OETZTALER ALPEN 46.79 11.02 1879 1846 2005 108 1963 1970 8
AT 721 | LAPERWITZ K. 553 | EASTERN ALPS ‘GLOCKNER GR. 47.10 12.65 1974 1974 1991 11

AT 107 | LARAIN F. 479 | EASTERN ALPS SILVRETTA 46.90 10.22 1928 1929 2003 54

AT 306 | LIESENSER F. 498 | EASTERN ALPS STUBAIER ALPEN 47.08 1112 1905 1905 2004 63

AT 101 LITZNERGL. 607 | EASTERN ALPS SILVRETTA 46.88 10.05 1932 1933 2005 73

AT LITZNERGL. SW 2678 | EASTERN ALPS SILVRETTA 46.88 10.04 1933 1934 1983 26

AT 218 | MARZELL F. 515 | EASTERN ALPS OETZTALER ALPEN 46.78 10.88 1870 1856 2005 107

AT 714 | MAURER K.(GLO.) 558 | EASTERN ALPS GLOCKNER GR. 47.18 12,68 1961 1896 2005 44

AT 510 | MAURER K.(VEN.) 576 | EASTERN ALPS VENEDIGER GRUP. 47.08 12.30 1896 1897 2003 60

AT 206 | MITTELBERG F. 494 | EASTERN ALPS OETZTALER ALPEN 46.92 10.90 1855 1856 1995 72

AT 214 | MITTERKAR F. 487 | EASTERN ALPS OETZTALER ALPEN 46.88 10.87 1891 1892 2005 101

AT 227 | MUTMALF. 506 | EASTERN ALPS OETZTALER ALPEN 46.78 10.92 1968 1969 2005 35

AT 217 | NIEDERJOCH F. 516 | EASTERN ALPS OETZTALER ALPEN 46.78 10.87 1870 1883 2005 110

AT 502 | OBERSULZBACH K. 583 | EASTERN ALPS VENEDIGER GRUP. 47.11 12.29 1871 1815 2005 89

AT 103 | OCHSENTALERGL. 483 | EASTERN ALPS SILVRETTA 46.85 10.10 1850 1891 2005 85 1991 1999 9
AT 712 | OEDENWINKEL K. 559 | EASTERN ALPS GLOCKNER GR. 47.11 12,65 1896 1897 2005 46

AT 704 | PASTERZEN K. 566 | EASTERN ALPS GLOCKNER GR. 47.10 12.70 1879 1880 2005 124 2005 2005 1
AT 324 | PFAFFENF. 591 EASTERN ALPS STUBAI MONTAINS 46.96 11.14 1981 1981 2005 24

AT 707 | PFANDLSCHARTEN 563 | EASTERN ALPS ‘GLOCKNER GR. 47.08 12.78 1884 1885 1992 47

AT 213 | PITZTALERJOECHL 1311 46.93 10.92 1959 1959 1971 8

AT PLESSNITZ K. 2679 | EASTERN ALPS 47.15 13.43 1929 1930 1952 8

AT 603 | PRAEGRAT K. 570 | EASTERN ALPS ‘GRANATSPITZ GR. 47.12 12.59 1961 1963 2005 35

AT 212 | RETTENBACH F. 488 | EASTERN ALPS OETZTALER ALPEN 46.93 10.93 1952 1889 2005 52

AT 718 | RIFFLK. N 554 | EASTERN ALPS ‘GLOCKNER GR. 47.13 1267 1961 1963 2002 34

AT 0713A | RIFFLKAR KEES 606 | EASTERN ALPS ‘GLOCKNER GR. 4713 12,67 1968 1969 1991 19

AT 215 | ROFENKAR F. 518 | EASTERN ALPS OETZTALER ALPEN 46.88 10.88 1891 1892 2005 102

AT ROTER KNOPF K. 3297 | EASTERN ALPS SCHOBER GROUP 46.97 12.75 2002 2002 2005 4

AT 224 | ROTMOOS F. 509 | EASTERN ALPS OETZTALER ALPEN 46.82 11.05 1891 1847 2005 11

AT 219 | SCHALFF. 514 | EASTERN ALPS OETZTALER ALPEN 46.78 10.93 1924 1925 2005 76

AT 108 | SCHATTENSPITZ 526 | EASTERN ALPS SILVRETTA 46.88 10.08 1973 1974 1994 19

AT 311 | SCHAUFEL F. 602 | EASTERN ALPS STUBAIER ALPEN 46.98 11.12 1891 1912 2004 76

AT 1103 | SCHLADMINGER G. 534 | EASTERN ALPS DACHSTEIN GR. 47.47 13.63 1877 1884 2005 59

AT 805 | SCHLAPPEREBEN K. 544 | EASTERN ALPS SONNBLICK GROUP 47.02 13.02 1984 1984 1999 15

AT 506 | SCHLATEN K. 580 | EASTERN ALPS VENEDIGER GRUP. 47.11 1238 1891 1857 2005 75

AT 405 | SCHLEGEIS K. 586 | EASTERN ALPS ZILLERTALER A. 46.98 11.77 1896 1897 2005 37

AT 726 | SCHMIEDINGER K. 548 | EASTERN ALPS GR.GLOCKNER GR. 47.18 12,68 1952 1952 2005 46

AT 109 | SCHNEEGLOCKEN 525 | EASTERN ALPS SILVRETTA 46.87 10.10 1973 1974 2005 32

AT 1104 | SCHNEELOCH G. 533 | EASTERN ALPS DACHSTEIN GR. 47.50 13.60 1903 1969 2005 32
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AT 407 | SCHOENACH K. 529 | EASTERN ALPS ZILLERTALER A. 47.15 12.08 1903 1983 1989 6

AT 303 | SCHWARZENBERG F. 501 EASTERN ALPS STUBAIER ALPEN 47.05 1112 1890 1891 2005 67

AT 403 | SCHWARZENSTEIN 588 | EASTERN ALPS ZILLERTALER A. 47.02 11.85 1850 1882 2005 102

AT 716 | SCHWARZKARL K. 556 | EASTERN ALPS GLOCKNER GR. 4717 12,67 1961 1963 2005 38

AT 710 | SCHWARZKOEPFL K. 560 | EASTERN ALPS ‘GLOCKNER GR. 47.5 12.72 1955 1955 2005 48

AT 204 | SEXEGERTEN F. 520 | EASTERN ALPS OETZTALER ALPEN 46.90 10.80 1870 1883 2005 76

AT SIMILAUN F. 3296 | EASTERN ALPS OETZTALER ALPEN 46.78 10.88 2003 2003 2005 3

AT 318 | SIMMING F. 596 | EASTERN ALPS STUBAIER ALPEN 46.98 11.25 1891 1892 2005 78

AT 511 | SIMONY K. 575 | EASTERN ALPS 'VENEDIGER GRUP. 47.07 12.27 1896 1897 2005 7

AT 0601A | SONNBLICK KEES 573 | EASTERN ALPS ‘GRANATPITZ GR. 47.13 12.60 1960 1961 2005 45 1959 2005 47
AT 221 | SPIEGELF. 512 | EASTERN ALPS OETZTALER ALPEN 46.83 10.95 1891 1892 2005 104

AT 0314A | SULZENAU F. 600 | EASTERN ALPS STUBAIER ALPEN 46.98 11.15 1850 1891 2005 89

AT 301 | SULZTALF. 503 | EASTERN ALPS STUBAIER ALPEN 47.00 11.08 1895 1898 2005 67

AT 205 | TASCHACH F. 519 | EASTERN ALPS OETZTALER ALPEN 46.90 10.85 1856 1878 2005 85

AT 0602A | TAUERN K. 572 | EASTERN ALPS GRANATSPITZ GR. 47.12 12.60 1968 1970 1990 20

AT 216 | TAUFKAR F. 517 | EASTERN ALPS OETZTALER ALPEN 46.88 10.90 1891 1892 2003 87

AT 723 | TEISCHNITZ K. 551 EASTERN ALPS GLOCKNER GR. 47.07 12,68 1896 1897 1991 16

AT 110 | TOTENFELD 524 | EASTERN ALPS SILVRETTA 46.88 10.15 1976 1975 2005 29

AT TOTENKOPF K. 2680 | EASTERN ALPS GLOCKNER GROUP 4713 12,66 1970 1971 2005 33

AT 323 | TRIEBENKARLAS F. 592 | EASTERN ALPS STUBAIER ALPEN 46.96 11.15 1978 1978 2005 26

AT 901 UEBERGOSS.ALM 543 | EASTERN ALPS HOCHKOENIG 47.43 13.07 1871 1892 1992 52

AT 512 | UMBAL K. 574 | EASTERN ALPS VENEDIGER GRUP. 47.05 12.25 1896 1897 2005 73

AT 0713B | UNT. RIFFL KEES 605 | EASTERN ALPS GLOCKNER GR. 47.13 1267 1960 1961 2005 45

AT 503 | UNTERSULZBACH K. 582 | EASTERN ALPS VENEDIGER GRUP. 47.13 1235 1896 1829 2005 74

AT 719 | VD.KASTEN K. 478 | EASTERN ALPS GLOCKNER GR. 47.10 12.64 1961 1963 1991 17

AT 322 | VERBORGENBERG F. 593 | EASTERN ALPS STUBAIER ALPEN 47.07 1112 1977 1977 2005 28

AT 104 | VERMUNTGL. 482 | EASTERN ALPS SILVRETTA 46.85 10.13 1902 1903 2005 85 1991 1999 9
AT 211 | VERNAGT FERNER 489 | EASTERN ALPS OETZTALER ALPEN 46.88 10.82 1888 1889 2005 114 1965 2005 41
AT 505 | VILTRAGEN K. 581 EASTERN ALPS VENEDIGER GRUP. 47.13 1237 1891 1892 2005 71

AT 316 | W.GRUEBL F. 598 | EASTERN ALPS STUBAIER ALPEN 46.98 11.22 1891 1893 2003 57

AT 1004 | W.TRIPP K. 539 | EASTERN ALPS AUKOGEL GR. 47.02 13.32 1925 1928 2004 62

AT 705 | WASSERFALLWINKL 565 | EASTERN ALPS GLOCKNER GR. 47.12 12.72 1943 1944 2005 59

AT 401 | WAXEGG K. 590 | EASTERN ALPS ZILLERTALER A. 47.00 11.80 1881 1882 2005 99

AT 201 | WEISSEE F. 523 | EASTERN ALPS OETZTALER ALPEN 46.85 10.72 1894 1891 2005 85

AT WESTLICHER GRUEBLER F. W 2681 EASTERN ALPS STUBAI 46.96 11.18 1974 1975 2003 27

AT WESTLICHES WURTEN K. 2682 | EASTERN ALPS SONNBLICK GROUP 47.03 13.00 1933 1934 1992 59

AT 725 | WIELINGER K. 549 | EASTERN ALPS GR.GLOCKNER GR. 47.15 12.75 1896 1897 2005 41

AT 404 | WILDGERLOS 587 | EASTERN ALPS ZILLERTALER A. 47.15 1201 1972 1913 2005 34

AT 1006 | WINKL K. 537 | EASTERN ALPS AUKOGEL GR. 47.02 13.32 1920 1928 2004 62

AT 715 | WURFER K. 557 | EASTERN ALPS ‘GLOCKNER GR. 4717 12.68 1961 1963 1994 25

AT 804 | WURTEN K. 545 | EASTERN ALPS SONNBLICK GR. 47.04 13.01 1850 1851 2005 155 1983 2005 23
AT 508 | ZETTALUNITZ K. 578 | EASTERN ALPS GRUP. 47.08 12.38 1896 1897 2005 67

BO 5180 | CHACALTAYA 1505 | TROPICAL ANDES ‘CORDILLERA REAL -16.35 -68.12 1963 1983 2005 16 1992 2005 14
BO ‘CHARQUINI SUR 2667 | TROPICAL ANDES CORDILLERA REAL -16.17 -68.09 2003 2005 3
BO 5150 | ZONGO 1503 | TROPICAL ANDES ‘CORDILLERA REAL -16.25 -68.17 1991 1992 2005 14 1992 2005 14
CA 110 | ABRAHAM 48 | LABRADOR TORNGAT MTS. 58.93 -63.53 1981 1982 1984 1982 1984 3
CA 133 | ALEXANDER 32 | COAST MOUNTAINS ISKUT RIVER 57.10 -130.82 1979 1990 9
CA 148 | ANDREI 34 | COAST MOUNTAINS ISKUT RIVER 56.93 -130.97 1978 1980 1990 7 1978 1990 10
CA 150 | ANGEL 1419 52.68 -118.60 1945 1946 1946 1

CA 170 | APE 26 | COAST MOUNTAINS NOEICK RIVER 52.08 -126.22 1947 1951 1984 4

CA 185 | ASULKAN 1401 51.20 -117.20 1898 1899 1931 13

CA 187 | ATAVIST 25 | COAST MOUNTAINS NOEICK RIVER 51.13 -126.22 1900 1951 1984 4

CA 190 | ATHABASCA 7 | ROCKY MOUNTAINS COLUMBIA ICEF. 52.20 -117.25 1922 1945 1980 23

CA 205 | BABY GLACIER 1 | NWT CANADA AXEL HEIBERG 79.43 -90.97 1960 2005 31
CA 0210A | BARNES ICE CAP 38 | NWT CANADA BAFFIN ISLAND 69.75 -72.00 1976 1984 9
CA 0210B | BARNES ICE CAP 1435 | NWT CANADA BAFFIN ISLAND 69.75 -72.00 1923 1945 1958 10

CA 0210C | BARNES ICE CAP 1436 | NWT CANADA BAFFIN ISLAND 69.75 -72.00 1912 1928 1960 15

CA 234 | BENCH 66 | COAST MOUNTAINS HOMATHKO RIVER 51.43 -124.92 1981 1990 8
CA 245 | BERM 11 COAST MOUNTAINS TOBA INLET BAS. 50.55 -123.98 1883 1947 1979 5

CA 265 | BOUNDARY 58 | ROCKY MOUNTAINS SASKATCHEWAN R. 52.20 -117.20 1983 1984 1985 2

CA 275 | BRIDGE 47 | COAST MOUNTAINS BRIDGE RIVER 50.82 -123.57 1981 1985 5
CA 290 | BUGABOO 10 | BRIT.COLUMBIA 50.72 -116.78 1964 1966 1978 7

CA 310 | CALTHA LAKE 40 | COAST MOUNTAINS LILLOOET BASIN 59.15 -122.28 1914 1951 1985 5

CA 335 | CLENDENNING 17 | COAST MOUNTAINS ELAHO BASIN 50.42 -123.90 1883 1947 1979 5

CA 350 | COLUMBIA CDN 35 1392 52.17 -117.28 1919 1924 1972 6

CA 370 | CRUSOE GLACIER 1410 79.43 -91.50 1959 1960 1962 3

CA 431 DEVON ICE CAP 39 | HIGH ARCTIC DEVON ISLAND 75.42 -83.25 1961 2005 45
CA 480 | DRUMMOND 1398 51.60 -116.58 1884 1906 1965 6

CA 510 | EAST CHABA 1421 52.20 -116.98 1927 1936 1936 1

CA 575 | ELKIN 62 | COAST MOUNTAINS TATLOW RANGE 51.37 -123.85 1951 1982 1982 1

CA 560 | EMERALD 56 | BRIT.COLUMBIA 'YOHO NAT.PARK 51.50 -116.53 1978 1979 1982 4

CA 675 | FLEUR D.NEIGES 20 | COAST MOUNTAINS SE GARIBALDI 49.85 -123.60 1895 1931 1978 7

CA 685 | FRANKLIN 1404 51.25 -125.22 1927 1931 1948 6

CA 690 | FRESHFIELD 1395 51.77 -115.77 1871 1902 1954 12

CA 692 | FRIENDLY 61 | COAST MOUNTAINS CHILCOTIN BASIN 51.05 -123.85 1951 1975 1982 2

CA 698 | FYLES 27 | COAST MOUNTAINS NOEICK RIVER 52.10 -126.23 1900 1954 1985 4

CA 784 | GRIFFIN 21 | COAST MOUNTAINS SE GARIBALDI 49.85 -122.63 1795 1886 1978 8

CA 840 | HAVOC 12 | COAST MOUNTAINS ELAHO BASIN 50.52 -123.88 1750 1893 1979 6

CA 851 | HECTOR 1397 51.60 -116.40 1904 1938 1965 3

CA 855 | HELM 45 | COAST MOUNTAINS GARIBALDI PARK 49.97 -123.00 1865 1935 1958 12 1975 2005 28
CA 875 | HIDDEN 49 | LABRADOR TORNGAT MTS. 58.93 -63.55 1982 1984 3
CA 890 | HOURGLASS 1407 51.03 -122.90 1951 1975 1975 1

CA 940 | ILLECILLEWAET 1400 51.23 -117.22 1887 1888 1960 29

CA 1190 | KOKANEE 23 | BRIT.COLUMBIA KOKANEE GLACIER 49.75 -117.13 1923 1945 1978 16

CA 721 | LAIKAGL + ICE 1413 75.88 -79.50 1975 1975 1
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CA 720 | LAIKA GLACIER 1412 75.88 -79.50 1959 1971 1971 1 1974 1975 2
CA 1335 | MEIGHEN ICE CAP 16 | CDN ARCTIC ARCH MEIGHEN ISLAND 79.95 -99.13 1976 2000 19
CA 1350 | MINARET 50 | LABRADOR TORNGAT MTS. 58.88 -63.68 1982 1984 3
CA 1402 | NADAHINI 3 | BRIT.COLUMBIA DATLASAKA RANGE 59.73 -136.68 1964 1966 1978 7

CA 1430 | NEW MOON 5 | HAZELTON MTNS. BULKLEY RANGES 53.92 -127.77 1875 1946 1978 6

CA 1465 | NOEICK 28 | COAST MOUNTAINS NOEICK RIVERENE 52.10 -126.28 1900 1954 1978 2

CA 1590 | OVERLORD 43 | COAST MOUNTAINS GARIBALDI PARK 50.02 -122.83 1900 1928 1995 8

CA 1640 | PEYTO 57 | ROCKY MOUNTAINS WAPTA ICEFIELD 51.67 -116.53 1897 1933 1965 17 1966 2005 39
CA 1660 | PLACE 41 | COAST MOUNTAINS BIRKEN B.C. 5043 -122.60 1965 2005 41
CA 1690 | PURGATORY 29 | COAST MOUNTAINS NOEICK RIVER 52.15 -126.37 1900 1947 1984 3

CA 1815 | RAM RIVER 1394 | ROCKY MOUNTAINS EASTERN SLOPES 51.85 -116.48 1966 1974 9
CA 1875 | ROBSON 1418 53.15 -119.57 1908 1911 1953 5

CA 1905 | SASKATCHEWAN 8 | ALBERTA BANFF NAT.PARK 52.20 -117.13 1912 1925 1980 24

CA 1911 | SCOTT 1420 52.43 -118.58 1924 1953 1953 1

CA 1915 | SENTINEL 44 | COAST MOUNTAINS GARIBALDI PARK 49.90 -122.98 1935 1936 1985 23 1966 1989 23
CA 1958 | SOUTHEAST LYELL 1393 51.92 -117.63 1919 1926 1953 3

CA 1965 | SPHINX 19 | BRIT.COLUMBIA GARIBALDI PROV. 49.92 -122.95 1968 1970 1978 3

CA 1973 | STAIRCASE 18 | COAST MOUNTAINS SE GARIBALDI 49.93 -122.60 1895 1931 1978 7

CA 1983 | SUPERGUKSOAK 51 | LABRADOR TORNGAT MTS 58.95 -63.78 1982 1984 3
CA 1986 | SURF 13 | COAST MOUNTAINS ELAHO BASIN 50.50 -123.97 1893 1947 1979 6

CA 1995 | SYKORA 59 | COAST MOUNTAINS BRIDGE RIVER 50.87 -123.58 1976 1985 10
CA 2007 | TATS 72 | ST.ELIAS MTS. ALSEK RANGES 59.68 -137.77 1989 1989 1
CA 2015 | TCHAIKAZAN 60 | COAST MOUNTAINS CHILCOTIN RANGE 51.02 -123.78 1900 1951 1982 5

CA 2025 | TERRIFIC 15 | COAST MOUNTAINS TOBA INLET BAS. 50.43 -123.43 1883 1947 1979 7

CA 2050 | THOMPSON GLACIE 1411 79.47 -90.17 1960 1961 1977 11

CA 2035 | THUNDERCLAP 22 | COAST MOUNTAINS SE GARIBALDI 49.85 -122.65 1886 1931 1977 6

CA 2040 | TIEDEMANN 24 | COAST MOUNTAINS HOMATHKO RIVER 5133 -125.05 1981 1990 7
CA 2070 | TOBY 1403 50.23 -116.13 1915 1921 1929 4

CA 2075 | TSOLOSS 63 | COAST MOUNTAINS TATLOW RANGE 51.38 -123.87 1720 1900 1982 3

CA 2220 | VICTORIA 1399 51.38 -116.38 1898 1903 1966 14

CA 2318 | WARD H. I. RISE 53 | ELLESMERE IS. WARD HUNT IS. 83.12 -74.17 1981 1985 5
CA 2320 | WARD H. I. SH. 52 | ELLESMERE IS. WARD HUNT IS. 83.08 -73.80 1981 1985 5
CA 2330 | WAVE 14 | COAST MOUNTAINS ELAHO BASIN 50.48 -123.98 1947 1948 1979 5

CA 2333 | WEDGEMOUNT 42 | COAST MOUNTAINS GARIBALDI PARK 50.15 -122.78 1900 1920 1995 25

CA 2340 | WHITE 0 | CDN ARCTIC ARCH AXEL HEIBERG IS 79.45 -90.67 1959 1960 1977 11 1960 2005 43
CA 2380 | WOOLSEY 1402 51.12 -118.62 1966 1974 9
CA 2520 | YOHO 1396 51.60 -116.12 1901 1903 1931 16

CA 2530 | YURI 30 | COAST MOUNTAINS ISKUT RIVER 56.97 -130.68 1978 1990 10
CA 2605 | ZAVISHA 46 | COAST MOUNTAINS BRIDGE RIVER 50.80 -123.42 1976 1985 10
CH 116 | ALBIGNA 1674 | EASTERN ALPS ADDA BASIN 46.30 9.64 1855 1882 1991 7

CH 11 | ALLALIN 394 | WESTERN ALPS RHONE BASIN 46.05 7.93 1881 1884 2005 110

CH 109 | ALPETLI(KANDER) 439 | WESTERN ALPS AARE BASIN 46.48 7.80 1893 1894 2005 47

CH 111 | AMMERTEN 435 | WESTERN ALPS AARE BASIN 46.42 7.53 1969 1970 2005 35

CH 27 | AROLLA (BAS) 377 | WESTERN ALPS RHONE BASIN 45.98 7.50 1856 1886 2005 112

CH 104 | BASODINO 463 | WESTERN ALPS TESSIN BASIN 46.42 8.48 1893 1894 2005 87 1992 2005 14
CH 21 BELLA TOLA 383 | WESTERN ALPS RHONE BASIN 46.24 7.65 1945 1946 2005 56

CH 77 | BIFERTEN 422 | WESTERN ALPS LIMMAT BASIN 46.82 8.95 1883 1884 2005 69

CH 107 | BIS 388 | WESTERN ALPS RHONE BASIN 46.11 7.74 1900 1901 1996 27

CH 64 | BLUEMLISALP 436 | WESTERN ALPS AARE BASIN 46.50 7.77 1893 1894 2005 99

CH 41 BOVEYRE 459 | WESTERN ALPS RHONE BASIN 45.97 7.26 1889 1890 2005 46

CH 36 | BRENEY 368 | WESTERN ALPS RHONE BASIN 45.97 7.42 1881 1882 2005 59

CH 103 | BRESCIANA 465 | WESTERN ALPS TESSIN BASIN 46.50 9.03 1896 1898 2005 78

CH 20 | BRUNEGG 384 | WESTERN ALPS RHONE BASIN 46.15 7.70 1934 1941 2005 64

CH 72 | BRUNNI 427 | WESTERN ALPS REUSS BASIN 46.73 8.78 1882 1883 2003 95

CH 95 | CALDERAS 403 | EASTERN ALPS INN BASIN 46.53 9.71 1920 1921 2005 57

CH 99 | CAMBRENA 399 | EASTERN ALPS ADDA BASIN 46.39 9.99 1888 1889 2005 52

CH 119 | CAVAGNOLI 464 | WESTERN ALPS TESSIN BASIN 46.45 8.48 1893 1894 2005 41

CH 29 | CHEILLON 375 | WESTERN ALPS RHONE BASIN 46.00 742 1924 1925 2005 76

CH 38 | CORBASSIERE 366 | WESTERN ALPS RHONE BASIN 45.98 7.30 1889 1890 2005 67

CH 120 | CORNO 468 | WESTERN ALPS TESSIN BASIN 46.45 838 1893 1895 2005 33

CH 121 | CROSLINA 1681 | ALPS TESSIN ALPS 46.43 8.73 1989 1990 2005 14

CH 70 | DAMMA 429 | WESTERN ALPS REUSS BASIN 46.63 845 1921 1922 2003 80

CH 112 | DUNGEL 1678 | ALPS BERNESE ALPS 46.37 737 1893 1894 2005 39

CH 59 | EIGER 442 | WESTERN ALPS AARE BASIN 46.57 7.98 1876 1883 2005 84

CH 30 | EN DARREY 374 | WESTERN ALPS RHONE BASIN 46.02 7.38 1880 1929 2005 69

CH 13 | FEE NORTH 392 | WESTERN ALPS RHONE BASIN 46.08 7.88 1883 1884 2005 97

CH 25 | FERPECLE 379 | WESTERN ALPS RHONE BASIN 46.02 7.58 1891 1892 2005 109

CH 4 | FIESCHER 471 | WESTERN ALPS RHONE BASIN 46.50 8.15 1891 1892 2001 109

CH 16 | FINDELEN 389 | WESTERN ALPS RHONE BASIN 46.00 7.87 1885 1886 2005 77 2005 2005 1
CH 75 | FIRNALPELI 424 | WESTERN ALPS REUSS BASIN 46.78 8.47 1894 1895 2005 69

CH 102 | FORNO 396 | EASTERN ALPS ADDA BASIN 46.30 9.70 1833 1864 2005 107

CH 61 | GAMCHI 440 | WESTERN ALPS AARE BASIN 46.51 7.79 1883 1884 2005 99

CH 52 | GAULI 449 | WESTERN ALPS AARE BASIN 46.62 8.18 1882 1886 2005 53

CH 113 | GELTEN 1679 | ALPS BERNESE ALPS 46.35 7.33 1999 2003 2003 1

CH 37 | GIETRO 367 | WESTERN ALPS RHONE BASIN 46.00 7.38 1889 1890 2005 59

CH 80 | GLAERNISCH 418 | 